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Abstract 
Solid oxide fuel cells are a developing technology where advanced ceramics play a 
crucial role. Within the fuel cell the most common electrolyte material is yttria-
stabilised zirconia (YSZ). The use of nano particles may provide lower sintering 
temperatures enabling the possibility of co-sintering the electrolyte with the anode 
layer. One route for deposition is screen-printing, which is scalable and cost-effective. 
In this research an aqueous screen-printing route was adopted, which adds the benefits 
of reduced health and safety risks with reduced costs. The aims of the work were to 
produce aqueous zirconia inks suitable for screen-printing and to understand the 
factors involved in ink formulation. The overall objective of the project was to 
produce a dense impermeable zirconia layer by screen-printing.  
 
Sub-micron (~100 nm) and nano (20 nm) primary particles were used to prepare 
suspensions and inks. The suspensions were optimised for dispersion with the addition 
of a dispersant (Darvan C or TAC) by zeta potential and rheological methods. The 
addition of a binder (Rheolate 216) to the suspensions was used to create a 60 wt% 
screen-printing paste. The inks were characterised by rotational and/or oscillatory 
rheometry techniques and printed layers were characterised by optical microscopy 
where cracking was not observed. 
 
The input parameters for ink formulation have been investigated. The binder 
concentration increased the structural properties of the ink and above 5 wt% produced 
level prints. The dispersant structure was shown to influence the rheological 
characteristics of the ink. This was linked to the interaction of binder and dispersant.  
 
This thesis has shown that it was possible to formulate an aqueous sub-micron 
zirconia ink that levels after printing and does not crack during drying. Defects in the 
form of pinholes still remained. Excessively high drying rates were obtained from the 
aqueous ink making it difficult to process over long time periods and this was 
overcome through the use of co-solvents at a cost of print quality. Surfactants have 
been shown to improve the printed layer, but a fully optimised ink has not been found. 
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1 Introduction 
Fuel cells are an emerging technology that can produce power efficiently and cleanly. 
Solid oxide fuel cells (SOFCs) are one of the more promising types of technology 
being developed. SOFCs employ ceramics as functional layers, with two common 
configurations, planar and tubular arrangements
1
. Both structures have their own 
merits and limitation, for example, the planar configuration is easier to manufacture 
but has higher levels of degradation
1
. 
 
A fuel cell is typically composed of an anode, electrolyte and cathode. These 
components do not move and the fuel cell can quietly generate electricity when a fuel 
(hydrogen) and oxidant (oxygen) is supplied. The electrolyte in a SOFC provides two 
main functions; separating the fuel and oxidant by being gas-tight and completing the 
electrochemical circuit by conducting oxygen ions.  
 
The electrolyte is an integral component of the SOFC and is commonly made of yttria 
stabilised zirconia (YSZ). The introduction of yttria into the zirconia structure creates 
oxygen vacancies and by the process of diffusion the oxygen ions (created at the 
cathode) can flow through the electrolyte to the anode. The amount of yttria dopant 
alters the conductive and mechanical properties of the ceramic. 3YSZ has high 
mechanical strength in comparison to 8YSZ, which has high ionic conductivity 
properties. A high temperature SOFC typically operates at 700-1000
o
C and YSZ 
withstands the oxidising/reducing atmospheres at the respective electrodes making it a 
viable material
2
.  
 
The electrolyte material can be deposited in a number of ways but the biggest factor 
for the selection of deposition route is the configuration of the cell. A planar cell is flat 
and simple techniques such as screen-printing
3
 or tape-casting
4
 can be used whereas a 
tubular construct would require techniques like electrophoretic deposition (EPD) or 
other spraying methods. Screen-printing is commonly used and is widely seen as 
inexpensive and scalable in comparison to other techniques. Furthermore, a wet 
ceramic processing route allows for better control of the microstructure by 
manipulating the surface forces of the individual particles in comparison to dry 
processing routes
4
. Surfactants can aid the control of these forces creating suspensions 
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with minimal agglomerates to produce homogeneous parts
5
. Within a screen-printing 
ink, YSZ powder would be the pigment material, with a solvent, binder and 
surfactants. After screen printing the deposited layer would undergo densification at 
elevated temperatures to form a dense electrolyte. 
 
Whilst most screen printing inks are solvent-based, water is a desirable alternative; it 
has the potential to reduce toxicity and cost
10
. Despite these advantages, there are 
drawbacks from waters‟ high surface tension and the range of binders are restricted 
due to their solubility. Water-based inks possess different properties to commercial 
solvent-based inks, which can affect the print quality and interactions of the 
components within the ink system. 
 
Binders should also be compatible with the solvent (water) for the system to function 
correctly
11
. Typically binders used in aqueous-based processing are either water-
soluble or in an emulsion. The creation of a suitable screen-printing ink involves the 
correct rheological characteristics. This can be influenced by the binder size and 
structure. Moreover, the interactions of the binder with other ingredients within the 
ink will play a vital role in the inks rheological behaviour. 
 
Surfactants are common in ceramic processing and inks alike. Dispersants are a type 
of surfactant and are used to disperse pigments/powder
5
. Wetting agents aid spreading 
of the material on a substrate and can increase levelling to improve the uniformity of a 
layer whilst also improving the quality of the finish. Defoamers specifically reduce the 
amount of foam within a body
10
. A layer with air bubbles would not meet the strict 
requirements for the electrolyte and so an investigation into the impact and 
effectiveness of surfactants on the rheological characteristics of inks and surface finish 
of layers is required.  
 
Screen-printing inks can be characterised through rheological techniques; their flow 
behaviour can indicate how the ink flows under processing conditions
6
 and the ink 
rheology can influence the printing behaviour. A level, defect-free print with a high 
green density and a uniform grain size with no porosity after sintering are idealistic 
requirements for the electrolyte
7
. Screen-printing inks are required to be shear-
thinning so that under processing conditions the ink structure is broken and flow is 
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promoted. The amount of structure within an ink can be characterised by oscillatory 
rheometry, gaining an understanding of the viscoelastic elements and how they can 
change with the ink variation
8
. 
 
This thesis consists of seven main chapters and continues next with a review of the 
relevant theory and literature of inks and fuel cell applications in Chapter 2. 
Knowledge and experimental procedure from the literature survey was used in 
detailing the experimental processes, which are given in Chapter 3. In this chapter, 
concise directions are given as to how the investigations were conducted, from ink 
formulations and fabrication to rheological characterisation and screen-printing 
parameters. Most of the significant variables in ink formulation have been studied and 
these results are presented in Chapter 4, where the discussion of the findings and the 
impact of the variables are also detailed. Conclusions are drawn from the results and 
discussion of Chapter 4 and are given in Chapter 5. Future work for development of 
aqueous-based inks can be seen in Chapter 6 where further studies are outlined on 
surfactant and binder structures and their influence on printing characteristics. Finally, 
references of the sources used to aid the research in this report have been given in 
Chapter 7. 
10 
 
 
2 Literature Review 
2.1 Fuel Cells 
A fuel cell is an electrochemical device that cleanly converts fuel and oxygen to 
electricity. The device has similarities with batteries except that the fuel is constantly 
being supplied. The fuel in a battery or fuel cell does not combust, and hence it has 
low emissions. There are many different types of fuel cell, each having different 
characteristics and efficiencies. 
 
Fuel cells are generally considered advantageous; their higher efficiency and lower 
emissions being most notable
12
. Other advantages are that they are quiet, reliable and 
independent from the electricity grid
13
. This implies that they can be used for back-up 
power if the primary source of electricity fails. 
 
The fundamental operating parts of a fuel cell are an anode, cathode and electrolyte. 
At the anode, the fuel reacts by an oxidising reaction. At the cathode, oxygen reacts by 
a reduction reaction. These are generic between all fuel cells, but the exact chemical 
reactions vary slightly. As a general point, oxygen and hydrogen are reactants and 
they produce water and possibly carbon monoxide depending on the type of fuel cell. 
Purity of reactants is a factor in the efficiency of a fuel cell.  
 
2.1.1 Solid Oxide Fuel Cells 
A solid oxide electrolyte of yttria stabilised zirconia (YSZ) is commonly employed at 
700 – 1000oC 14. A zirconia-nickel cermet can be used at the anode15 and a strontium 
doped lanthanum manganite (LSM) at the cathode
9
. The high operating temperatures 
allow internal reforming, promoting rapid kinetics with non-precious materials and 
producing high quality by-product heat for cogeneration
16
. Higher pressures can be 
used for cogeneration, increasing the efficiency to 65%
16
. Different system designs are 
currently being explored
15
. The principle reactions involved are indicated below: 
 
Anode: H2 (g) + O
2-
  H2O (g) + 2e
-
   
Cathode: ½ O2 (g) + 2e
-  O2-     
Cell:   H2 (g) + ½ O2 (g)  H2O (g)   
11 
 
 
The two main designs being explored are the planar and tubular concepts
17
. The latter 
design, Figure 2-1, used by Siemens-Westinghouse, groups the tubes together. Air is 
introduced to the inside of each tube and fuel passes outside of it to produce 
electricity. The primary advantage of this design is that it does not require high 
temperature seals. Stacks and systems of the tubular design have operated for over 100 
000 hours and have exhibited very little degradation
17
. 
 
 
 
Figure 2-1: Design of the tubular cell for SOFC technology
17
 
 
Planar SOFC designs, Figure 2-2, are simpler to manufacture and consist of flat plates 
bonded together to form the electrode-electrolyte assemblies
20
. This design offers 
lower ohmic resistance and higher power density compared to the tubular design, but 
typically requires high temperature seals. Another drawback of the planar concept is 
that it is not as robust as the tubular design
17
. 
 
 
Figure 2-2: An exploded view of the planar design for SOFC technology
21
 
Due to the interests of the sponsors of the work, this thesis will concentrate on the 
planar SOFC design as its chosen application. Planar designs are better suited for 
12 
 
high-volume mass-production of fuel cells using existing ceramic manufacturing 
technology, it also allows for flexibility in products and sizes.  
 
There is a third design that tries to take the technical benefits of both the tubular 
design and high-volume manufacturability of the planar design. The high power 
density design or inter-planar both are flattened tubes. Generically the fuel would flow 
through the tube with the oxidant passing on the outside. This concept is utilised by a 
number of companies including Rolls-Royce Fuel Cell Systems and Kyocera. The 
figure below depicts the Kyocera fuel cell, an anode substrate layered with the 
electrolyte and cathode coatings.   
 
Figure 2-3: The Kyocera fuel cell
22
 
 
2.2 Electrolyte Materials 
In SOFCs a negatively charged oxygen ion, O
2-
, is transferred from the cathode 
through the electrolyte to the anode. The electrolyte has to be gas-tight and an ionic 
conducting membrane; this infers there is no open porosity for diffusion to occur. A 
thin electrolyte layer also reduces ohmic losses within the cell, but this option is based 
upon the design of the cell
24
. 
 
The ionic conductivity of the electrolyte is required to be high. The ability to conduct 
oxygen ions is governed by the amount of lattice defects, specifically vacancies, 
within the structure. Various materials have been investigated and they generally 
possess a fluorite structure
48
. 3 mol% yttria stabilised zirconia (YSZ) is a common 
electrolyte material
49,50
, offering chemical and corrosion resistance at high 
temperatures and low thermal conductivity. It is stable in both the reducing and 
oxidising environments that are found at the anode and cathode interfaces of the fuel 
cell respectively. 8 mol% YSZ electrolytes are also suitable for SOFCs because they 
exhibit good ionic conductivity. 
13 
 
 
Other materials such as gadolinia doped ceria (GDC)
51
, lanthanum gallate (LSGM: 
(La, Sr)(Ga, Mg)O3), scandia stabilised zirconia (ScSZ) and Bi2O3 can exhibit higher 
oxygen ion conductivities than YSZ but are less stable at high temperature operating 
conditions, ~900
o
C
48
. GDC becomes a mixed conductor in the anode environment 
resulting in an internal short circuit of the cell. At the anode oxygen partial pressures 
are low and this gives rise to defect oxide formation and increased electronic 
conductivity and thus internal electronic currents, lowering the cell potential. 
Meanwhile, LSGM based electrolytes have issues over long-term stability due to Ga-
evaporation in a reducing atmosphere as well as compatibility with Ni, in the NiO 
anode, which seem to be a severe problem at high operating temperatures. The low 
mechanical strength and high cost of gallium are further issues for the material with 
respect to SOFC applications
52
. 
 
2.2.1 Zirconia 
Pure zirconia exists in three crystal phases at different temperature ranges. Above 
2330
o
C the material has a cubic structure, below 1170
o
C the material transforms to a 
monoclinic structure whilst between these two temperatures zirconia exists in a 
tetragonal structure. There is a rapid 3-5 vol% change when the material transforms 
from tetragonal to monoclinic phase, this phase and volume change is typically 
accompanied by cracking of the ceramic
53
.  
 
Doping zirconia with a stabilising additive such as MgO, CaO or Y2O3 can reduce or 
eliminate the crystal structure transformation and hence volume change. Yttria 
stabilised zirconia (YSZ) is the most common electrolyte using zirconia; although 
scandia stabilised zirconia is an alternative
49
. The latter improves the ionic 
conductivity whilst maintaining mechanical integrity, however, concerns over the 
availability, price and quality of the raw material has largely seen the material 
overlooked. By contrast, YSZ is cost effective and available in a variety of grades for 
the electrolyte component. 8 mol% YSZ exhibits the optimum ionic conductivity for 
YSZ but a lower doping, i.e. 3 mol% YSZ, has the advantage of improving 
mechanical stability
54
. Whilst 8YSZ would be a better material in terms of 
conductivity to 3YSZ the latter has been extensively researched for processing. 
14 
 
 
When incorporating yttria into the crystal structure, the dopant ions usually substitute 
for the ion of electronegativity nearest their own, irrespective of size. When an 
impurity ion has a different charge to the host ion for which it substitutes, the crystal 
compensates for this difference so that electroneutrality is maintained. One way that 
this is accomplished is by the formation of lattice defects – vacancies or interstitials of 
either ion types. 
 
In the Y2O3 molecule the oxygen atoms have a cumulative valency of -6 and, to 
balance, the yttrium atoms have a cumulative valency of +6. Adding this to zirconia 
changes the overall charge in the ceramic and electroneutrality is not maintained. 
Whilst the Y
3+
 ions substitute for the Zr
4+
 ions; and the oxygen for oxygen, this 
creates an imbalance in charge; an extra negative charge. To balance this out, anion 
(oxygen) vacancies are created. Another negative charge is added by another Y
3+
 ion, 
thus creating a double negative charge -2; an oxygen vacancy. This can be seen in the 
Figure 2-4. 
 
 
Figure 2-4: Stabilising zirconia with yttria 
 
Through design of the ceramic and the amount of yttria added to the zirconia system, 
ionic conductivities can be varied. Consequently, the mechanical performance is also 
dependent on the yttria content and so a compromise of properties exists. 
 
15 
 
2.3 Ink Processing 
2.3.1 Screen-Printing 
The objective of screen-printing is to create a layer that in the green state is uniform 
and defect and crack free. Thicknesses of 12 – 14 μm are achievable and this is an 
objective of the current project. Reducing the thickness of the electrolyte can 
potentially improve performance
23,24
, but may also compromise the mechanical 
performance. A thin dense electrolyte obtained via a single print has the potential of 
reducing cost. 
 
There are six basic components for screen-printing, a stencil, screen fabric (mesh), 
screen frame, squeegee, ink and substrate. A viscous paste (ink) consisting of a 
mixture of ceramic powder, organic binder and solvent is forced through the open 
meshes of a screen using a squeegee
25
. Figure 2-5 is a schematic showing the 
fundamental principle of screen-printing. The parameters involved in this process can 
be systematically changed to gain an understanding of the deposited layer such as 
thickness without changing the ink composition. It has been shown that optimisation 
can lead to a thin dense electrolyte film
26
.  
 
 
Figure 2-5: Screen-printing process
27
 
 
The mesh, usually held by a frame, allows the fabric to be tensioned, improving the 
quality of the print and allowing particles of a given size or smaller to pass through
25
. 
The screen fabric supporting the stencil can affect the durability and edge definition of 
prints. The mesh also influences the ink deposit in terms of thickness, volume and 
16 
 
hence drying
28
. The elasticity of the fabric can affect the off-contact distance, print 
gap and thus the printing speed.  
 
Commercially, stainless steel screens are used due to their increased durability in 
comparison to polyester screens, however it does depend on the application. Stainless 
steel is resistant to chemical attack and can maintain screen tension over long time 
periods when used correctly
25
.  
 
Five variables within the screen fabric affect the print and are given in Table 2-1. 
 
Table 2-1: Screen fabric terminology definitions 
Measure Definition 
Mesh count Number of threads per linear unit measure 
Thread diameter (D) Indicated in μm 
Fabric thickness (ft) 
The total average height of two crossing threads 
measured under tension, but not equal to twice the 
thread diameter. 
Mesh Opening (mo) Linear measurement indicating space between threads 
Open area (A) Area not occupied by the mesh 
 
 
Figure 2-6: Fabric Terminology
25 
 
A variety of parameters can be adjusted to achieve a thick ink deposit. A coarse mesh, 
slow print speed, lower screen tension, double twill weave for the screen, a large 
squeegee angle, high squeegee pressure and soft squeegee material can all be adjusted 
to increase the print thickness. It becomes obvious that there are a lot of process 
parameters that may require optimisation when investigating print thickness. The 
printing parameters should not be ignored since choosing the wrong setting may result 
in mesh marking
†
 of the printed layer.  
                                                          
†
 The pattern of mesh left on the print after printing and drying is defined as mesh marks. 
17 
 
 
Whilst the print quality can be finely tuned by the printing parameters, the printing ink 
has a larger influence on the outcome. 
 
2.3.2 Ink Composition 
The preparation of inks can be achieved by using conventional ceramic processing or 
ink manufacture techniques. Ink manufacture methods involve dispersion stages and 
wetting stages of the pigment such as ball-milling or triple-roll mills. The use of 
milling techniques improves the gloss of the ink due to the higher levels of wetting 
achieved by these techniques. Inks are generally made of four basic components, 
Table 2-2. 
Table 2-2: Basic components of an ink system 
Pigment zirconia in the present work 
Resin/binder to hold the ink together in a film and adhere it to the printed surface 
Solvent to make the ink flow so it can be transferred to the printing surface 
Additives 
to alter the physical properties of the ink to suit different situations, 
for example: dispersants, wetting agents, defoaming agents, etc 
 
Inks produced for screen-printing are typically solvent-based
23
. The ink vehicle is a 
fluid medium in which particles are suspended
31
. Once the vehicle has transferred ink 
onto the substrate, the solvent then leaves by means of evaporation. Utilising a classic 
recipe of, for example, terpineol as solvent and ethyl cellulose as binder
31,32 many 
authors have created inks for screen-printing
33-35
. The solvent is dried off at elevated 
temperatures with the thermoplastic binder forming a hard film by chain 
entanglement. Alternatively, organic vehicles can be purchased from ink 
manufacturers, such as Heraeus, GEM or Electro Science Laboratories
23,36,37
.  
 
Interestingly, many sources do not document the dispersants that were used in the 
non-aqueous compositions of functional ceramic inks. Those dispersants that were 
disclosed included penta-(12-hydroxystearic acid)
38, 39, 40
, polyvinylpyrroidon
40
 and 
lauric acid
41
.  
 
Only a few investigations looked into the impact of the composition of an ink. For 
example, the pigment content of the ink system determines the surface roughness and 
thickness of the print; high solid-content inks produce high values of thickness and 
18 
 
surface roughness where mesh marks can be visualised
23
. In the solvent-based routes, 
lower solid loading inks have been shown to provide thin, crack-free coatings, 
although several repetitions may be necessary to achieve a thick dense layer after 
sintering
26
. 
 
The effect of solvent viscosity has also been studied. Increasing solvent viscosity 
increases ink viscosity, whilst lower viscosity solvents were observed to enable the 
creation of higher solid content inks
23
. 
 
A binder has been found to be necessary to hold the particles together once the ink is 
printed and evaporation has started. The binder affects the drying time of the ink since 
it controls the degree of solvent retention
42
. The final film properties are influenced by 
the molecular arrangement or structure that the binder forms as the solvents evaporate; 
a comparison between polyvinyl alcohol (PVA) and polyvinyl butyral (PVB) binders 
showed that PVB yielded less porosity, a result that was believed to be related to the 
structure of the polymer
43
. It was also noted that grades and molecular weights of the 
PVA and PVB polymers were not divulged. Other additives that have been used are 
dibutyl phthalate and butyl carbitol and mixes of these formed the solvent. The work 
highlighted that ink composition, and thus ink rheology, is crucial for obtaining crack-
free samples.  
 
The effect of printing times has also been studied with the results indicating that the 
number of defects decreases with an increase in printing time
26
. This implies that the 
squeegee speed is slow (increasing the contact time of the substrate and the screen).  
This can also be related to characteristics of the ink where the ink does not flow well 
under high shear forces.  
 
Within the context of ceramic inks, research into the rheology of ceramic pastes has 
been largely ignored. Control of the viscosity
41
 and rheology
26
 has been studied in a 
few cases where there has been an emphasis on thixotropy
23,44 by looking at levelling 
after printing. Inks modified by the addition of diethylene glycol butyl ether 
(DGBE)
8,45
 have been used to obtain the optimum viscosity for printing. The additive 
DGBE is very common in the paint, ink and coatings industry where it is used as a 
solvent medium
46
. 
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Solvent-based inks are generically of high quality, but with optimised rheology 
through formulation, process times and microstructures can be improved. 
Furthermore, the role of rheology in producing aqueous inks can give an insight into 
the internal structure of the ink. The rheological characterisation of inks in 
combination with characterisation of the dried layer (optical characterisation) may 
yield a correlation between rheological behaviour of inks and its effect on processing.  
 
It is not known if screen-printing of aqueous ceramic inks is commercially used. In 
addition, ceramic powders in the nano-range (<100 nm) have rarely been used
41,47
 to 
create suspensions, let alone inks; instead use of sub-micron powders is far more 
common
2,23,26,33
. 
 
A nano ink employing a co-solvent, 75 wt% de-ionised water and 25 wt% 1-2-
propanediol, has been used to suspend nano particles with a primary particle size of 13 
nm; the agglomerate size was 113 nm 
47
. Through wet milling and freeze-drying, the 
powder was re-dispersed with a steric dispersant, 2-(2-(2 methoxy 
ethoxy)ethoxy)acetic acid (TODA). Adding the polymer binder, polyvinyl pyrrolidone 
(PVP) yielded uncracked prints. Furthermore, partial dispersion was recognised by the 
agglomerate size being reduced from 113 nm to approximately 40 – 50 nm.  
 
2.4 Powder Characteristics 
Advanced ceramics must meet very specific property requirements and therefore 
chemical composition and microstructure must be well controlled
5
. The former can be 
achieved through synthesis of the particles; the relevant characteristics are their size, 
size distribution, shape, agglomeration, chemical composition and phase composition. 
 
The physical properties will influence the rheology of an ink and the microstructure
26
. 
To obtain a homogeneous electrolyte layer, agglomeration must be reduced or 
eliminated, allowing the particles to form high green density bodies. 
 
The particle size, size distribution
55
, shape
6
, concentration
56
 and state of 
agglomeration have an important influence on the rheology
57
, powder consolidation 
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and microstructure of the green body and hence the sintered body. Particle size has an 
effect on rheology
58
 but more notably on the sintering behaviour of the ceramic body, 
where the rate of densification increases strongly with a decrease in particle size
59
.  
For fuel cell systems a desired method of fabrication is co-sintering. This becomes 
plausible if the anode microstructure is not compromised too much and the electrolyte 
can achieve full density after sintering. Nano particles lower the sintering temperature 
and therefore if utilised within the electrolyte co-sintering becomes feasible. However, 
smaller particles (e.g. nano) can produce suspensions with higher viscosities than their 
larger (sub-micron) counterparts. The size of the particles, and then the grain after 
sintering, influences the properties that the ceramic will possess
60
. Smaller grains can 
have increased mechanical properties whilst the ionic conductivity could also 
potentially increase
61
. 
 
A powder with a wide distribution of particle sizes generally leads to a higher packing 
density in the green body, but this benefit is often met by difficulty in microstructural 
control during sintering. Porosity in the sintered state is often the result if the particles 
are not packed homogeneously in the green state
58
. The larger grains coarsen rapidly 
at the expense of the smaller grains, making the attainment of high density with 
controlled grain growth increasingly difficult. 
 
Homogeneous packing of a narrow size distribution generally allows for better control 
of the microstructure
62
. Comminution techniques can be used to reduce the number of 
agglomerates and can also potentially reduce the primary particle size
41,47
. A spherical 
particle shape is beneficial for rheology and controlling the homogeneity of the 
packing
26
, see section 2.6. 
 
Agglomerates lead to heterogeneous packing in the green body, leading to differential 
sintering, i.e. regions of different density shrink at different rates
62
. An agglomerated 
powder therefore has serious limitations for the fabrication of ceramics when high 
density coupled with a fine-grained microstructure is required. 
 
The ideal situation is the avoidance of agglomeration in the powder, however in most 
cases this is not possible. There are two types of agglomerate and one is more 
preferable to the other. A soft agglomerate is held together by van der Waals forces as 
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opposed to the chemical bonds found in hard agglomerates. As a consequence, soft 
agglomerates can be broken by a range of mechanical techniques or by dispersion in a 
liquid. 
 
2.5 Comminution 
The process of comminution refers to the application of mechanical force to produce 
small particles by reducing the size of larger ones. The most common method is by 
milling; a variety of mills have been used, including high compression roller mills
23,41
 
and ball mills
26
, for the production of ceramic inks. 
 
In milling, the particles experience mechanical stresses at their contact points due to 
compression, impact, or shear with milling medium or with other particles. The 
mechanical stresses lead to elastic or inelastic deformation and, if the stress exceeds 
the strength of the particle, fracture of the particles occurs. 
 
2.5.1 Roller mills 
In the high compression roller mill, the material is stressed between two rollers. The 
contact pressure can range from 100 – 300 MPa, but the process is unsuitable for the 
production of particle sizes below ~10 μm 63. For the production of the same size of 
particles from a stock of coarse particles, the use of a high-energy roller mill in 
conjunction with a ball mill is more efficient than use of a ball mill alone as the 
techniques are able to break different agglomerate sizes
63
. This process is common for 
the production of paints, inks and other coatings
46
.  
 
2.5.2 Ball mills 
Ball mills usually incorporate grinding media (of an optimised shape and size) and 
comminution occurs by compression, impact, and shear (friction) between the moving 
grinding media and the particles. Ball milling can be used to produce particle sizes 
from ~10 μm to less than 1 μm 63.  
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2.5.3 Vibro-mills 
A type of ball mill, a vibro-mill is a vessel filled with grinding media that rapidly 
vibrates in three dimensions. Due to the fairly rapid vibratory motion, the impact 
energy is much greater than the energy supplied to the particles in a tumbling ball 
mill. Vibro-mills therefore provide a more rapid comminution process. Micronising is 
a similar technique but the vibratory motion only occurs in one or two dimensions. 
 
Three-roll mills
41
 and ball-mills
64
 have been used as homogenisation techniques for 
the production of inks. The use of ball-milling can reduce the aggregate size 
significantly, enhancing the uniformity of the powder in the ink
26
. Inks composed of 
nano titania powder showed that the number of passes through a three-roll mill, 
increased viscosity
41
. This was indicative that large aggregates had been reduced and 
therefore a more viscous system was the result.  
 
2.6 Rheology 
Rheology is the science of the deformation and flow of matter; its study contributes to 
the understanding of colloidal systems. It is common practice to characterise colloidal 
systems by their rheology to indicate the influence of additives
65
. 
 
The rheological behaviour of colloidal suspensions is of high importance since the 
characteristics and properties, including structure and stability, can be inferred from 
the behaviour exhibited. The most important parameters are viscosity,  , shear stress, 
 , shear rate, ,  the shear modulus, *G , the storage or elastic modulus, G  and the 
loss or viscous modulus,G  . Most materials are viscoelastic and characterisation of 
the individual elements gives concise relevance to the flow behaviour and structure. 
Viscosity will only be constant with respect to shear rate in a Newtonian fluid and 
more commonly screen-printing inks will not demonstrate this behaviour. 
 
The two-plate model, Figure 2-7, can used to describe simple flow and is the basis of 
rotational rheometry. 
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Figure 2-7: The two-plates model
6
 
 
Two assumptions for the model have been used: 
1. the sample adheres/wets both plates and does not slip or slide along them 
2. laminar flow occurs, Figure 2-8 
 
Figure 2-8: Laminar flow
6
 
 
Shear stress, τ, can be found by: 
A
F

 
 
where  represents force in , Newtons, and area, , in . The shear rate can be 
found by: 
 
 
where  is the velocity in  and the height, , in . Shear rate can also be 
denoted by . The viscosity can then be found by dividing the shear stress by the shear 
rate: 
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and thus the units of viscosity are . 
 
The molecules in a flowing liquid exhibit relative motion between each other and the 
movements are always combined with internal friction forces. All fluids have a 
resistance to flow that is described by viscosity, high values imply high resistance to 
flow, although the shear rate at which the viscosity is measured has to be taken into 
consideration. The importance of shear rate on the liquid determines what can occur, 
Table 2-3. 
 
Table 2-3: Typical shear rates of technical processes
6,68
 
Process Shear rates  (s
-1
) Examples 
Sedimentation of particles ≤ 0.001 to 0.01 Ceramic suspensions 
Surface levelling of 
coatings 
0.01 to 0.1 
Paints, lacquers, printing 
inks 
Sagging of coatings 
(dripping) 
0.01 to 1 Paints, plasters 
Extrusion 10 to 1 000 
Polymer melts, dough, 
ceramic pastes 
Injection moulding 100 to 10 000 
Polymer melts, ceramic 
pastes 
Coating, painting, brushing 100 to 10 000 Paints, plasters, adhesives 
Milling pigments in fluid 
bases 
1 000 to 100 000 
Paints, printing inks, 
pigment dispersions 
 
Ideal liquid-like behaviour is described as Newtonian, which, in studies conducted at 
constant temperature and pressure, has the following characteristics
66
: 
i. The only stress generated in simple shear flow is the shear stress, τ; 
ii. The shear viscosity does not vary with shear rate; 
iii. The shear viscosity is constant with respect to the time of shearing and the stress 
in the liquid falls to zero immediately after the shearing is stopped. In any 
subsequent shearing, the viscosity is as previously measured; the length of the 
rest period between measurements makes no difference. 
iv. The viscosities measured in different types of deformation are always in simple 
proportion to one another. 
 
Newtonian behaviour is modelled using the dashpot model. Simple liquids usually 
display Newtonian behaviour, pure liquids of low molecular weight, water and 
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alcohol, being prime examples. However, complex fluids do not have Newtonian 
behaviour and, hence, are characterised as non-Newtonian fluids. Colloidal 
suspensions are complex systems and so exhibit non-Newtonian flow. 
 
2.6.1 Non-Newtonian fluids 
Samples are distinguished between time-dependent and time independent; systems 
that do not show any significant elastic behaviour, which includes Newtonian 
behaviour, are time independent. Various types of flow behaviour can be observed 
under steady shear conditions depending on the suspension composition and stability, 
Figure 2-9. 
 
 
Figure 2-9: A schematic flow diagram illustrating the different types of flow behaviour
70
 
 
2.6.1.1 Shear-thinning behaviour 
The viscosity of a shear-thinning fluid is dependent on the shear load (shear rate or 
shear stress) and the behaviour can be time dependent or time independent. 
Generically, a shear-thinning fluid would exhibit a lower viscosity with an increasing 
shear load. Examples of shear-thinning materials can be paints
67
, inks
7
, polymer melts 
or suspensions
68
. There are different mechanisms by which a liquid can change 
structure under applied load. 
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2.6.1.1.1 Entanglements 
Commonly applied to polymers, the molecular chains at rest can become entangled 
with one another. Under a shear load the individual molecules orientate in the 
direction of the applied load, reducing entanglements and hence viscosity
7
.  
 
2.6.1.1.2 Particle Shape 
A suspension of platelet/needle shaped particles (e.g. clay) suspended in a liquid have 
an orientation and a structure created by attractive forces. Applying shear, the 
structure will break, the particles will orientate with the applied load, reducing the 
resistance to flow and hence the viscosity. 
 
2.6.1.1.3 Agglomeration 
Suspended primary particles in a liquid in the absence of a dispersant can agglomerate 
and the agglomerate structure can incorporate the intervening medium and immobilise 
it, reducing the apparent solvent volume
69
. During shear, the agglomerates disintegrate 
back to the primary particles; the immobilised liquid medium is liberated, reducing the 
viscosity. 
 
2.6.1.1.4 Emulsions 
Not applicable to ceramics directly, but commonly seen in the medical (blood cells) 
and paint (acrylic emulsions) industry. Dispersed droplets exhibit spherical shapes at 
rest. Under shear the droplets deform in shape, taking an elliptical form, orientating 
with the applied load and reducing the viscosity. 
 
Shear-thinning materials can also exhibit a yield stress. For liquids, the yield stress is 
the point at which permanent deformation occurs and is usually followed by flow. 
Below the yield stress, elastic behaviour dominates and flow is not exhibited. 
 
2.6.1.2 Shear-thickening 
The viscosity of a shear-thickening material is dependent on the degree of the shear 
load, with the viscosity increasing with increasing shear stress. Examples of shear-
thickening materials include dispersions with a high concentration of solid matter such 
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as ceramic suspensions or starch suspensions
32
. It is rare to observe shear-thickening 
behaviour. 
 
Usually, for highly filled suspensions during a process with increasing shear rate, the 
particles collide frequently. In this case, the resistance to flow increases. Particle 
shape plays an important role due to the shear gradient that exists in every flowing 
liquid during shearing, all particles are rotating as they move into the shear direction. 
Particles not having spherical form require more volume when rotating and, as a 
consequence, there is less free volume between the particles for the dispersing 
medium, increasing viscosity
6
.  
 
2.6.2 Models 
Mathematical models are commonly used to compare measurement curves. These are 
divided between those with and without yield points. The power law, a model without 
a yield stress, is too simplistic as it struggles to model the flow curve in the low shear 
and high shear range. 
pc    
The “consistency”, , has units of  and the exponent, , is sometimes referred to 
as the “power-law index”.  
 
There are many other models that can be used to fit flow curves in all shear ranges. 
Different models such as Cross or Carreau have been used in literature to describe 
inks and suspensions
71
. 
 
When a material exhibits a yield stress the Herschel/Bulkley model has been used
72
. 
 
p
HB c    
HB is the “yield point according to Herschel/Bulkley”, and  is the consistency 
measured in  and is also known as the “Herschel/Bulkley viscosity”. Similarities 
of the model with the power-law are obvious and the exponent, , in this equation 
denotes the “Herschel/Bulkley index”74. This model can be used to describe 
suspensions
72,73
. 
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Characterising liquids using the models allows for the comparison of these liquids by 
the use of numbers in equations, which makes differences easier to observe. In order 
for the comparisons to be made the same tests must be used and therefore errors in the 
measurement test are carried forward. Furthermore, rotational rheometry cannot tell 
the full story of the fluid and so oscillation is also required where more useful 
parameters can be analysed. 
 
The models discussed above can only be employed in controlled shear rate (CSR) or 
controlled shear stress (CSS) modes of rotational rheometry. 
 
2.6.3 Time dependent Flow behaviour 
Materials can be time-dependent where the structure will vary with time. The most 
common phenomenon is called thixotropy where the viscosity decreases with time at a 
constant shear stress. Less frequently the opposite can occur, which is known as 
rheopexy. 
 
2.6.3.1 Thixotropy 
Thixotropic behaviour means a reduction of the structural strength during a shear load 
phase and a less rapid but complete structural regeneration during the subsequent 
period of rest
6
. This cycle of decomposition/regeneration can be a completely 
reversible process. 
 
2.6.3.2 Rheopexy 
Rheopectic behaviour means an increase in the structural strength when performing a 
high-shear process, which is followed by a complete decomposition of the increased 
structural strength during the subsequent period of rest. Like thixotropy, this 
mechanism is reversible 
 
The time-dependent behaviours outlined above can be investigated using hysteresis 
curves
75
 (shear rate loop tests
76
) though this approach is now outdated
6
. Three interval 
thixotropy tests are the modern alternative with the ability to quantify the amount of 
recovery over time and thus linking it to different variables
44,67
. This test can be 
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performed in controlled shear rate (CSR) or controlled shear stress (CSS) modes and 
in rotation or oscillatory modes. 
 
2.6.4 Viscoelastic behaviour 
Fluids that have some elastic characteristics can exhibit quite unusual flow patterns, 
hence it is important to characterise the viscoelastic elements to understand how a 
particular fluid will flow. Examples of viscoelastic flow are the Weissenberg (rod 
climbing
66
) effect and die swell
77
. 
 
By definition, viscoelasticity is made up of viscous elements based on Newton‟s laws 
and elastic elements based on Hooke‟s law. Hence spring and dashpot models from 
Maxwell and Kelvin/Voigt are frequently used to describe materials, Figure 2-10. The 
Maxwell model is applicable to fluids and the Kelvin model can also be applied to 
solids. Both models can be used together (Burgers Model) to describe complex 
liquids. 
 
  
Figure 2-10: Schematic diagrams of the Maxwell (left) and Kelvin/Voigt (right) models 
 
Newtonian fluids are represented by the dashpot model using Newton‟s law: 
   tt   *  
 
Where τ is shear stress,  is time,  is the complex viscosity and  is shear rate. Ideal 
elastic materials are completely stiff and rigid solids and Hooke‟s law applies: 
 
 t
t
G


*  
 
The shear modulus 
*G can be imagined as the rigidity of the test material for practical 
purposes: 
   22* GGG   
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Storage Modulus, G (units Pa), is a measure of the deformation energy stored by the 
sample during the shear process. After the load is removed this energy is completely 
available, now acting as the driving force for the reformation process. G  represents 
the elastic behaviour of a test material 
 
Loss Modulus, G  (units Pa), is a measure of the deformation energy used up by the 
sample during the shear process and, therefore, becomes lost to the sample. This 
energy is spent during the process of changing the materials structure, e.g. when the 
sample is flowing partially or completely, with part of the energy being used to heat 
up the test material. Another part may be lost in the form of heat to the surrounding 
environment. G  represents viscous behaviour. 
 
Loss factor (tan δ) or loss/phase angle (δ) – reveals the ratio of the viscous and the 
elastic portions of viscoelastic deformation behaviour. 
 
G
G


tan   
G
G


 1tan
 
 
Ideal elastic behaviour might be specified in terms of δ = 0o or tan δ = 0 since G  
dominates. Ideal-viscous behaviour would be expressed as δ = 90o or tan δ = ∞ since 
G   dominates. The gel point is where G  = G  and there δ = 45o and tan δ = 1. 
 
2.6.4.1 Amplitude sweeps 
Amplitude sweeps are oscillatory tests performed at variable strain or shear stress, 
keeping frequency and temperature constant. The results of an amplitude sweep can 
look like Figure 2-11: 
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Figure 2-11: Schematic diagram of an amplitude sweep 
 
At low amplitude values, sample behaviour is usually constant and denotes the linear 
viscoelastic range, LVER. Linear-elastic behaviour is found whenever Hooke‟s law is 
valid
6
. Linear-viscous behaviour is found when Newton‟s law applies to the sample. 
Within the LVER the viscoelastic character can be described through oscillation 
rheometry.  
 
2.6.4.1.1 Gel character G> G    
Elastic behaviour dominates the viscous element and the sample exhibits a certain 
amount of rigidity; this is common for solids, stable suspensions or pastes. 
Suspensions showing this behaviour are exhibiting stability, as a weak structure 
between the particles, exists. Strong structures display large G  values. 
 
2.6.4.1.2 Liquid character G  > G  
Viscous behaviour dominates elastic behaviour. High viscosity materials with 
entanglements but no chemical network can show this behaviour (polymer melts or 
polymer solutions). 
 
2.6.4.1.3 The gel point G= G    
This is rarely seen within the LVER; the behaviour of such a material is borderline 
between the gel and the liquid characteristics. Further characterisation of the material 
would be necessary where the angular frequency should be changed to clarify the 
behaviour. 
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The yield stress, τy, in Figure 2-11, shows the point where the sample leaves the 
LVER. Before the yield point the sample undergoes elastic deformation and after this 
point permanent deformation occurs. The laws of Newton and Hooke are only valid 
within the LVER and thereafter correction factors need to be applied after the LVER 
for accuracy. 
  
The flow point occurs where G=G  ; this is a crossing point, marking the change to 
liquid behaviour, G  > G . The yield point and flow point are different and should not 
be confused. The yield stress analyses the structural strength since no internal 
destruction occurs up until the value of the yield stress and it also marks the end of the 
LVER. The flow point is used as the point at which flow should start to occur. 
Behaviour outside the LVER is referred to as non-linear. 
 
2.6.4.2 Frequency sweeps 
These are oscillatory tests performed at variable frequencies, keeping the amplitude 
variable and temperature constant. These tests are used to investigate time-dependent 
shear behaviour since the frequency is the inverse value of time. Short-term behaviour 
is simulated by rapid motion (i.e., at high frequencies) and long-term behaviour by 
slow motion (i.e., at low frequencies).  
 
Performing an amplitude sweep first, a stress or strain value within the LVER must be 
selected for use in the frequency sweep. 
 
2-12: A schematic illustrating ideal Maxwellian behaviour 
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Colloidal suspensions are usually characterised by rotational techniques, however 
oscillatory tests give a better understanding to the stability of a suspension
5,44,47,78
. 
Examined within the LVER the suspensions are in the least perturbed state producing 
accurate measurements of structure at near-rest situations. 
 
Within the ceramics industry rheology will play a key role in the product 
microstructure before, during and after processing. Furthermore, the rheological 
properties desired for coatings will differ from process to process such as painting and 
printing; the latter also has different applications and is processed via different 
techniques and therefore the rheological properties require tailoring for the process 
and application. 
 
2.7 Interparticle Interactions 
Particles in suspension are always moving and are likely to collide against other 
particles. This random movement, Brownian motion, is responsible for the process of 
diffusion. Colliding with one another frequently, the particles may be attracted to each 
other forming agglomerates. The larger the agglomerate, the slower it moves and the 
more likely it will settle, forming a sediment. 
 
2.7.1 van der Waals 
van der Waals are the interactions between stable molecules. In a colloidal system 
they are ubiquitous between the suspended particles. The interactions originate from 
electrical interactions. Three types of interactions have been recognised
4
: 
 A permanent molecular dipole creates an electric field that causes the 
orientation of other permanent dipoles (Keesom)  
 A permanent dipole induces a dipole in a polarisable atom/molecule such that 
it orientates and mutual attraction results (Debye)  
 An instantaneous dipole arising from a fluctuation in the distribution of 
electronic charge induces other dipoles in the surrounding media (London) 
  
With the exception of highly polar materials, London dispersion forces account for 
nearly all of the van der Waals attractions that are operative.  
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2.8 Water 
The dispersion of solids in liquids has been widely researched. Non-aqueous and 
aqueous routes have been achieved
79,80
 and the technologies between the two routes 
differ
81
. Aqueous suspensions have been utilised to provide cleaner and safer working 
environments whilst administering economic benefits for industry. Reducing the 
volatile organic compounds (VOC) content has been researched in academia where 
aqueous processing techniques have been investigated
82,83
.  
 
Aqueous methods imply that water is used as the vehicle for the suspension and there 
are many physio-chemical differences between water and solvents. The high surface 
tension of water (72 Nm
-1
) must be considered where the wetting of pigments and 
some substrates may be an issue. Viscosity of aqueous dispersions is generally very 
low; this reflects the viscosity of the medium. The viscosity can also rise very rapidly 
with an increase in solid content owing to the evaporation of a small amount of 
water
86
. This raises the issue of drying in which the vapour pressure (2.34 kPa) of 
water and evaporation constants of water are high
86
. This would lead to shorter open-
times (time before it is dry) and shelf-lives of the suspensions than some solvent-
based equivalents. 
 
By comparison, in a solvent-borne dispersion, the viscosity increases in a much more 
controlled manner as the solid content increases during solvent evaporation. It is 
possible to formulate dispersions that possess sufficient open-time, viscosity, levelling 
and flow characteristics without the need for specific additives due to the variety of 
solvents available. 
 
Polar molecules have an electric dipole moment that arises from the partial charges on 
atoms. The water molecule is highly polar and possesses a permanent dipole
116
. The 
dipoles align themselves, so that they spend more time in an orientation of attraction 
rather than repulsion. Consequently, they lower the free energy of the system. Surface 
tension and vapour pressure of water is also a consequence of the dipoles and 
hydrogen bonds
116
. 
 
Non-polar molecules have near-zero electric dipole moments, but may acquire a 
dipole moment in an electric field as a result of electronic fluctuations
86
. They are able 
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to attract one another by virtue of the London dispersion interactions outlined above. 
In the case of hydrocarbons, the surface tension is entirely the result of the dispersion 
force contribution. 
 
The strongest intermolecular interaction arises from the formation of a hydrogen bond, 
in which a hydrogen atom lies between two strongly electronegative atoms and binds 
them together
87
. Hydrogen bonding is not universal but is restricted to molecules that 
contain electronegative atoms. 
 
The drying of water-borne coatings is influenced by the physical conditions, such as 
the type and amount of co-/solvent, humidity, air velocity and temperature. Fast 
drying conditions can lead to crack formation especially if the coating does not dry 
uniformly
84,85
. During drying the solvent diffuses through the body to the surface. This 
is dictated by the capillary pressure, which can be found using the La Place equation. 
 
r
P LVcap
2
  
 
The high surface tension (γ) of water influences the capillary pressure (P) more than 
the radius of the meniscus (r) and hence the drying characteristics of the coating 
system. Solvents can have a lower surface tension and this can reduce the capillary 
pressure and rate of drying. 
 
A solvent that is held together with hydrogen bonds (e.g. water) will require more 
energy (latent heat of vapourisation) in order to dry the body than a solvent such as 
toluene, which is bonded in the liquid state by van der Waals forces
86
. The amount 
and type of bonds determine many properties such as the surface tension, viscosity 
and solubility parameters. 
 
The vapour pressure is a property of the solvent that influences the evaporation. The 
high value, 2.34 kPa, for water may lead to unwanted evaporation during the screen-
printing process. This could happen in the screen mesh, demonstrating the need for 
tighter process control. Low solvent evaporation can provide the control desired for 
long printing runs. 
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A solvent with low surface tension would reduce the capillary pressure and increase 
the probability of wetting, however, not all solvents are miscible with water. The latter 
has different properties to organic solvents; it is polar and forms significantly more 
hydrogen bonds than most other solvents.  
 
Liquids with similar solubility parameters will be miscible
87
. Solubility parameters are 
often called cohesion energy parameters as they are derived from the energy required 
to convert a liquid to gas. The energy of vapourisation is a direct measure of the total 
(cohesive) energy holding the liquid‟s molecules together. While the heat of 
vapourisation is the main factor in determining the evaporation rate, this is hard to 
find in the literature and the boiling point is often used as a rough guideline
88
.  
 
The basis of the solubility parameter, often known as the Hansen solubility parameter, 
is that the total energy of vapourisation of a liquid consists of several individual parts. 
These arise from (atomic) dispersion forces, (molecular) permanent dipole-permanent 
dipole forces, and (molecular) hydrogen bonding
87
. The solubility parameter will not 
only determine if solvents are compatible but also how quickly a solvent will 
evaporate. 
 
The large number of solvents that are not fully miscible with water at 25
o
C is a 
measure of the differences between solvents and water. The polarity of non-polar 
solvents are all less than 6.5 (on a scale of water = 100), whilst polar solvents have a 
polarity of 30 or more. Solvents with a polarity of more than 36 are fully miscible 
with water
88
. The size of both solvent and solute molecules is important for solubility; 
smaller molecules tend to be more readily soluble than large ones. 
 
Typically, screen-printing has been conducted using solvent-based inks
37,89,90
. 
Reducing the volatile organic compounds (VOC) content would inherently reduce cost 
and become less hazardous, and research has been conducted in academia to create 
aqueous ceramic suspensions
91,92
. Fewer researchers have taken the concept further by 
employing it to commercial processes such as tape-casting
50,51,93
. Process control is 
important for industry and solvent-based products are considered to be a better choice 
over their water-based counterparts. To obtain results comparable with solvent-based 
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products, much more development is still needed. Aqueous screen-printing routes 
have not had the same attention as tape-casting or solvent-based screen-printing. 
 
2.9 Adsorption at the solid-liquid interface 
Three factors influence surfactant adsorption onto the surface of a solid
94
; firstly the 
surface charge, and where and how the charge arises are important. Secondly, the 
molecular structure of the surfactant to be adsorbed and finally, the aqueous 
environment is an influence and consideration of pH, electrolyte content and additives 
needs to be given.  
 
Molecules adsorb to the solid surface in two ways, physisorption or chemisorption
69
. 
The former is promoted by van der Waals interactions between the surface and the 
adsorbed molecule. These interactions are long-range but weak, whereas 
chemisorption is permanent. Below, a number of mechanisms are outlined in which 
surfactants may be adsorbed
94
. 
 Ion exchange - involving the replacement of counterions adsorbed onto the 
substrate from the solution by similarly charged surfactant ions. 
 Ion pairing - adsorption of surfactant ions from solution onto oppositely 
charged sites unoccupied by counterions. 
 Acid-base interactions - by hydrogen bond formation between substrate and 
adsorbate. 
 Hydrophobic bonding - the combination of mutual attraction between 
hydrophobic groups of the surfactant molecules.  
 Adsorption by dispersion forces - occurring by van der Waals dispersion 
forces acting between adsorbent and adsorbate molecules. This mechanism 
generally increases with an increase in the molecular weight of the surfactant. 
Dispersion forces are important since they can work simultaneously with other 
mechanisms.  
 
For successful dispersion of fine particles in water, the surfactant should create a 
hydrophilic surface. In contrast, if the particles become more hydrophobic they would 
either float or settle out more rapidly than before surfactant addition. 
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Dispersants have three roles to fulfil; the wetting of the particles, deaggregation and 
prevention of reagglomeration
95
. Wetting is achieved due to low surface tension of the 
surfactant and high surface energy of the ceramic powder onto which the dispersant 
adsorbs. The structure of the dispersant also influences adsorption. Air should be 
displaced from the surface by the surfactant so that the surfactant is sufficiently 
anchored to function correctly. 
 
Dispersion is increased when the surfactant absorbs onto all of the contours of the 
surface. Mechanical energy may be required to break agglomerated powder and this 
can be achieved through various comminution techniques (reviewed in Section 2.5).  
 
Once dispersed, it is necessary to prevent reagglomeration. The adsorption of 
surfactants can aid dispersion and reduce the solid-liquid interfacial tension, 
increasing stability.  
 
The adsorbed surfactant orientates itself with the hydrophobic groups towards the 
non-polar areas of the particles and the hydrophilic groups towards the aqueous phase. 
This lowers the solid-liquid interfacial tension. Increasing length of the hydrophobic 
group increases adsorption efficiency but the functionality of the dispersant and 
dispersion mechanisms should be considered
94
. Ionic dispersing agents for use with 
charged or polar solids in aqueous mediums usually have ionic groups situated at 
various positions within the molecule and hydrophobic groups containing polarisable 
structures
80
. These are generally structures such as aromatic rings or ether linkages 
rather than the conventional hydrocarbon chains
81
. This leads onto a variety of 
dispersant‟s structures including homopolymers (conventional), copolymers, comb-
like polymers, and functional short chain dispersants
5
. 
 
2.10 Dispersion and dispersants in an aqueous medium 
In order to keep the particles from agglomerating, a mechanism needs to be in place to 
prevent the particles from sticking together when they collide. Methods of 
stabilisation can occur via four different mechanisms; attention will be given to the 
three main approaches. 
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The primary function of a dispersant is to surround the primary particle with a barrier; 
this can be achieved either by ionic repulsion (electrostatic), or steric hindrance, or 
both (electrosteric), to prevent random contact with other particles. By these 
mechanisms agglomeration can be minimised and the goal of a dispersed system 
achieved.  
 
2.10.1 Electrostatic Stabilisation 
In a polar medium such as water, colloidal ceramic particles are nearly always 
electrically charged. The charge at the particle surface can be manipulated, creating 
stable suspensions, by generating like-charges of sufficient magnitude (>30 mV) 
95
. 
The strength of the charge is dependent on the dielectric properties of the medium. 
 
Most ceramic oxides have a metal hydroxide surface layer when in suspension, which 
is amphoteric and can become either positively or negatively charged depending on 
the pH. 


2MOHMOH H  (Acid added) 
OHMOMOH OH 2

 (Base added) 
 
There is a tendency for ions of one sign to be preferentially adsorbed onto the particle 
surface and for oppositely charged ions (counter-ions) to remain in the neighbouring 
fluid forming what is known as a diffuse double layer
5
. It is common for oxide 
particles to be charged by the adsorption of ions. 
 
Figure 2-13: Diffuse double layer
4
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Surface potential can be estimated from the zeta potential, which measures the 
electrostatic potential at, or near to, the beginning of the diffuse double layer. The zeta 
potential measurement corresponds to the electrostatic potential a short distance (at 
least one hydrated radius of counter-ions) from the particle surface at the shear plane. 
Zeta potential is the voltage difference between the particle surface and electrolyte 
beyond the equilibrium double layer
69
.  
 
The potential depends on the particle charge density and on the double layer 
thickness
4
. A change in pH alters the balance of ions and hence the double layer 
thickness and zeta potential. 
 
The zeta potential provides a measure of stability for colloidal suspensions
96
. As two 
particles approach one another in the liquid, the diffuse double layers will start to 
overlap. It is the interaction between the double layers that give rise to the repulsion 
between the particles. Dispersion is achieved when the repulsion is strong enough to 
overcome the van der Waals force. 
 
Suspensions prepared near the iso-electric point (IEP), where the zeta potential is low 
or zero, will have weak repulsive forces between the particles and flocculation 
occurs
95
. As a result, homogeneous dispersion is difficult to obtain and a rise in 
viscosity is observed. Moving away from the IEP, a net charge starts to develop 
leading to particle repulsion and a higher degree of dispersion. 
 
A number of authors have questioned the efficiency of using electrostatic repulsion 
alone to obtain stable suspensions with high solids loading. Extended double layer 
thicknesses may lead to unacceptable drying shrinkages
84
. 
 
2.10.2 Steric Hindrance 
An alternative to the electrostatic mechanism is steric stabilisation, it‟s used more 
widespread in technical ceramics
5
. The particle surface is coated with a polymer layer 
and steric (physical) interactions occur when particles approach one another at a 
separation distance less than twice the adsorption thickness. When two such particles 
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approach, the interaction between the adsorbed chains causes a repulsion that can be 
sufficient to induce stability. As the particles are forced together, the number of chain-
chain contacts is increased at the expense of chain-solvent interactions and, for a 
lypophilic (solvent/fat loving) polymer, this leads to an increase in the free energy or 
repulsive force. When the chain-chain interactions are stronger than the solvent-chain 
interaction, the free energy is decreased when the regions overlap, and attractions, 
rather than repulsions occur
94
. 
 
This mechanism is important for aqueous suspensions; it is even more important in 
non-aqueous solvents where electrostatic stabilisation is rarely possible
86
. Non-
aqueous routes use steric repulsion as the dominating force due to the low permittivity 
of many solvents. The key objectives of the dispersant are wetting, dispersing and 
stabilisation of the particles in the liquid.  
 
An important part of the steric mechanism is that the polymer must be anchored onto 
the particle surface with a segment, with high compatibility with the bulk phase, 
extending away from the particle
69
. Desorption of the polymer can be avoided by 
having strong anchoring groups within the chemical structure
80
. The adsorbed layer 
must be sufficiently thick and dense to overcome the van der Waals attraction between 
the particles. The molecular architecture defines the effectiveness and efficiency of the 
dispersant
4
.  
 
The structure of the dispersant can lead to various conformations on the particle 
surface; these will also dictate the efficiency of the dispersant. Loops, tails and trains 
are some of the conformations possible for steric dispersants
76
. The train configuration 
is not beneficial to the dispersion of colloidal particles since the dispersant is not 
extending away from the particle surface to create a barrier against agglomeration
5
. 
 
2.10.3 Electrosteric Stabilisation 
A stabilising system that utilises both electrostatic and steric mechanism is known as 
an electrosteric mechanism. The dispersant, otherwise known as a polyelectrolyte, 
adsorbs onto the particle surface. Containing ionisable groups within the molecular 
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structure, the molecule can dissociate to yield a charged polymer, creating a charge on 
the particle surface
69
. 
 
Adsorption is achieved through the molecular structure anchoring onto the particle 
surface. Influenced by the chemical and physical properties of the surface and the 
solvent medium, the adsorption density of the polyelectrolyte should be high to 
increase the repulsive forces and hence prevent bridging flocculation. The nature of 
the polymer structure, like steric hindrance, will impact on the dispersion quality. 
There is an optimum chain length for maximum stabilisation, since the possibility of 
flocculation increases with chain length due to entanglements
80
.  
 
The ionic groups on the dispersant have to dissociate to provide a charge, therefore pH 
and solvent conditions control the suspension stability
92
. Once ionised, the groups 
repel each other and conformation of the polyelectrolyte on the particle surface is 
altered. The thickness of the adsorption layer (adlayer) is also affected
47
. As in steric 
stabilisation, the conformation of the polyelectrolyte influences the dispersion 
properties. 
 
The electrosteric mechanism has been used frequently for dispersing ceramics as 
aqueous suspensions
76,92,97
. The electrostatic mechanism can achieve good stability, 
but when the solid content needs to be high the technique has its limitations
98
. By 
employing the electrosteric mechanism, stable suspensions have been prepared
99
. 
Anionic dispersants have been used successfully in basic mediums. Since pH buffers 
have an impact on the rheology and green density, correct selection of additive is 
critical. In the basic pH range the anionic dispersants dissociate and this is the origin 
of their charge
100
. Adsorption is decreased in the alkaline regime but a combination of 
pH and polyelectrolyte has yielded high solid content suspensions with no sediment 
and low viscosity
97
. Ammonium polyacrylate has been employed on numerous 
occasions to produce high quality dispersions of various ceramics at high solid 
content
101
. 
 
 
 
43 
 
2.11 Binders 
Polymers used in solvent-based inks have been briefly discussed in earlier sections. 
Binders in water-borne coatings have been restricted due to the chemistry required to 
make them compatible. In the ceramics industry the amount of binders used has been 
further reduced due to the requirement that it should burn out cleanly, without leaving 
a residue or ash. Aqueous screen-printing has not been widely researched and the only 
binder documented is polyvinylpyrrolidone (PVP) with the results being unclear as to 
whether it was successful or not
47
.  
 
A review of tape-casting alumina showed various binder systems that have previously 
been used
102
. The chemical nature of the side groups attached to the polymer 
determined which liquid the polymer would dissolve in. Highly polar side groups 
promote solubility in water. Three groups of substances have mainly been used in 
aqueous tape-casting: cellulose ethers, vinyl polymers or acrylic type copolymers. 
 
2.11.1 Cellulose and its derivatives 
Ethyl cellulose, commonly used as a binder in solvent based printing inks
33
, is not 
soluble in water; however a process of etherification has yielded cellulose ethers and 
their derivatives that are soluble in water
102
. Various derivatives have been 
investigated including methyl cellulose (MC), hydroxyethyl cellulose (HEC), 
hydrophobically modified hydroxyethyl cellulose (HM HEC), and many others
103,104
. 
 
Cellulose ethers all introduce shear-thinning behaviour to the coating liquid. The 
effect differs between the derivatives and has been linked to the state of solvation. 
Carboxymethyl cellulose (CMC) is very hydrophilic and is expected to be uncoiled 
once dissolved. HEC, in comparison, is less hydrophilic and hence more coiled. 
Therefore, the effect of shear would yield higher amounts of shear-thinning with HEC 
due to the uncoiling under shear
102
. Higher viscosities and more rapid shear-thinning 
have been observed when high molecular weight HEC was incorporated to a coating 
paste in comparison to a lower molecular weight version
105,102
. It has also been 
suggested that thixotropy is affected by the molecular weight of the binder
106
. 
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2.11.2 Polyvinyl Alcohol (PVA) 
PVA is a water-soluble thermoplastic synthetic resin that is generally used in an 
aqueous solution for the bonding of porous materials such as paper and textiles. PVA 
adhesives lose water rapidly and consequently set quickly, allowing pressure release 
in minutes after assembly
102
.  
 
As a non-ionic, water-soluble binder, PVA has been used in ceramic processing.  It 
achieves a structural viscosity thickening the aqueous phase rather than showing 
thixotropic properties
107
. These effects can be manipulated via the degree of 
polymerisation and substitution
82
. The polymer can be partially or fully hydrolysed; 
where the former means that there are residual acetate groups.  
 
Hydrogen bonding of the –OH side group to the surface of a particle provides 
adhesion between particles. With a strong affinity for adsorption on oxide particles 
dispersed in water, PVA can act as a binder. When added in the presence of an 
electrosteric dispersant, the dispersion properties of the alumina suspension were not 
affected
107
. Resultant green bodies can exhibit relatively high green strengths
103
. 
  
Having high levels of hydrolysis in the PVA polymer can have its advantages and 
disadvantages. As a result of generating high degrees of hydrogen bonding between 
the chains, PVA generates high stresses during drying and leads to warping of the 
ceramic body
82
. However, higher levels of hydrolysis also yield higher green 
densities; this is also attributed to the hydrogen bonds aligning the chains, creating 
high packing densities
73
. PVA is rarely used on its own, being plasticised by other 
polymers such as polyethylene glycol
103
. Water also acts as a plasticiser in the correct 
ratio of polymer to water. 
 
2.12 Ink Rheology 
Two main colloidal processing methods have been employed for the manufacture of 
electrolyte layers for planar SOFCs: tape-casting
51
 and screen-printing
23
. In screen-
printing the coating material flows under pressure into and through a mesh before 
being deposited onto a substrate. Therefore, rheological characteristics of the ink paste 
become crucial to the process.  
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2.12.1 Thickening Mechanisms 
There are two major sources that contribute to the increase in viscosity of water-borne 
coatings  
 An increase to the viscosity continuum, which is water in this case, due to 
dissolved polymer
107,108
, 
 An increase to the hydrodynamic volume of the condensed phases, such as 
pigments, due to adsorbed polymer enhanced interactions such as:  
o Bridging of particles (surface to surface)109; 
o Interactions between adsorbed layers110 ; 
o Interactions between adsorbed layers and with polymers in the 
continuum
104
. 
 
Conventional thickening can occur by changing the viscosity of the liquid medium. 
Solvents can come with various structures and properties and it is possible to choose a 
solvent with the desired viscosity from the beginning
103
. Water has a low viscosity and 
addition of polymers that dissolve in water can raise the viscosity, with molecular 
weight and the polymer concentration both influencing this parameter
107
. In addition, 
when applied to inks, the dissolved polymer should not compromise the function of 
other components. 
 
Hydrophobically modified polymers can be water-soluble; they thicken the water 
phase by association with other ingredients. The hydrophobic groups associate with 
other hydrophobic sites and this mechanism results in a network that can generate a 
significant viscosity increase, which can reduce the movement of other components 
such as the pigment particles
104
. This associative thickening mechanism is influenced 
by the polymer structure, with both the molecular weight and the frequency of the 
hydrophobic groups being factors
108
. 
 
2.12.2 Flow behaviour 
Stable suspensions of ceramic particles display relatively small amounts of shear-
thinning due to sufficient dispersion of the particles
92
. Particle size
111
, concentration 
and dispersant concentration can all influence the shear-thinning behaviour
5
. 
Suspensions are typically non-Newtonian and with the addition of a binder and other 
additives, the non-Newtonian behaviour can be enhanced.  
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Most real materials are viscoelastic and printing inks are no exception. Although this 
has been noted in the literature, little attention has been given to the manipulation of 
the viscous or elastic elements and their influence on process behaviour
112
. 
 
Most references to printing inks describe shear-thinning flow curves
67,32
; few discuss 
transient shear-thickening within the ink
41
. The shear-thinning property has been 
attributed to the contribution of the polymer binder
107
. 
  
Different pigment particles have been used to create inks. Breaking the agglomerates 
in an ink increases the viscosity by virtue of increasing the surface area
41
. Associated 
with this is the shape of the particle, which has also been considered and this 
parameter has a direct impact on the gradient of the shear-thinning flow curve
6
. 
Furthermore, this parameter also affected the thixotropic nature as the particles re-
order themselves when the shear-load is lifted. The most common trend was that 
shear-thinning was a requirement for printing inks, from an economic and processing 
perspective. 
 
Thixotropy in coatings has been investigated and it has been argued that it aids 
levelling and reduces sagging
6,113
. The speed of recovery of coatings determines what 
the post process flow properties will be and the impact that this will have on the 
coating
114
. Thixotropy can also be characterised as a viscoelastic characteristic and 
creep curves have been employed to observe the recovery. Analysing the curves, the 
spring and dashpot elements can be deduced
6,114
. A long recovery time for the 
structure infers that the inks are highly thixotropic and this promotes levelling in 
coatings
115
. Shorter recovery times denote lower amounts of thixotropy and aid anti-
sagging behaviour, for example non-drip paints
67
. 
 
Where authors have not divulged dispersants it is generally inferred that one was not 
used. For ceramics, good dispersion properties lead to homogeneous microstructures, 
which is desirable for the SOFC application. Therefore, dispersants and stable 
suspensions are a prerequisite for producing good inks; several authors have 
commented that the dispersion quality impacts on the ink rheology
5
. The influence of 
a solvent has also been investigated. Different polarities change the dispersion 
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qualities and thus the network structure influences the thixotropic and viscoelastic 
characteristics of the ink. 
 
2.13 Surfactants 
Surface-active agent, or surfactant, refers to a class of chemical compounds known as 
amphiphiles. The amphiphile molecular structure consists of two regions of very 
different characteristics: one part is polar (either a dipole or charged group) and the 
other is non-polar (usually hydrocarbon or halocarbon chain). Each part has very 
different solubility properties; the molecules have limited solubility in any solvent and 
tend to accumulate at the interface between two phases, where the polar part can 
immerse itself into the more polar phase and similarly for the non-polar part
69
. 
 
At low concentration, surfactants form true solutions - though there will be some 
molecules that will begin to adsorb onto the walls of the vessel and/or at the air/liquid 
interface. It is usually possible for the two distinct parts of the molecule to find a more 
favourable environment. An increase in concentration increases the amount of 
surfactant at the interface, covering them with a monolayer of surfactant
95
.  
 
Further increase in concentration results in micelle formation, which is where the 
surfactant aggregates. In water with no more interfaces available, the surfactants‟ 
hydrophobic chains are not stable. To become more stable they form micelles by the 
hydrophobic chains from the molecules coming together
86
. The hydrophilic head, as 
expected, points into the polar bulk medium. The point at which this occurs is known 
as the critical micelle concentration (c.m.c)
94
. 
 
2.13.1 Foams  
Foam consists of a gas dispersed in a small amount of liquid. Foams can be 
characterised as unstable transient foams, or stable foams. Two stages of foam exist, 
the wet spherical foam and the dry polyhedral foam. When drying, the liquid drains 
down between the bubbles and the latter are consequently pushed to the top
116
. 
 
In most industrial applications, when a foam is formed it can create problems. The 
foam can slow down or stop a process, create surface defects, and in many cases the 
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quality of the product can be compromised. In the case of inks, foams create surface 
defects or micro foams within the ink, both leading to unacceptable microstructures
117
. 
Whilst in some applications foams can be desired, for example to reduce mass or 
increase thermal insulation, for the current application, porosity, and hence foaming, 
is undesired. 
 
Foams are inherently thermodynamically unstable. The generation of foam changes 
the surface area and requires energy for it to occur, so will never happen 
spontaneously
94
. Since pure liquids do not foam, there are two important conditions 
that have to be fulfilled for a liquid mixture to foam. The first is that one component 
must be surface active; lowering of surface tension by adding the second component is 
a measure of surface activity. The second condition is that the foam film must show 
surface elasticity
116
. The relationship of surface elasticity, E, with area, A, and surface 
tension, γ, is shown below.  
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The surface elasticity of the foam can be influenced by the surface tension. The 
strength and persistence of foam is governed by the surface elasticity of the foam. 
Manipulation of the surface tension can occur through the addition of surfactants.  
In an aqueous system, an amphiphilic surfactant will preferentially orientate itself so 
that the hydrophobic group is located at the liquid-gas interface with the hydrophilic 
group immersed in the aqueous medium. For foams to be persistent, mechanisms must 
be present to retard the loss of liquid and gas from the foam and prevent rupture of the 
lamellae when they are subjected to mechanical shock or when a certain critical 
thickness is reached
94
. 
 
Most fluids require surfactants to achieve the desired goals. In the case of coatings, 
they can be dispersants, wetting agents or defoaming agents, amongst others
116
. In 
aqueous systems, most surfactants will reduce the interfacial energy due to the 
hydrocarbon nature of the surfactant making it easier for a foam to be stabilised.  
 
Foam can be stabilised by various mechanisms
69
, including: 
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 Reduction of surface tension by surfactants 
 Surface viscosity of surfactant layers 
 Film-elasticity increased by surfactants 
 Electrostatic repulsion of electric double layer 
 Flow reduction in capillaries 
 Marangoni effect (surface tension gradient) 
 
The use of surfactants in the formulation of a ceramic ink may be unavoidable, which 
may also give rise to foaming, and so the incorporation of a defoamer may be 
required. By knowing how to stabilise a foam, it becomes possible to stop one forming 
or destroy it once it has been formed. There are two methods of destroying foams, 
either by mechanical action or by the addition of special surfactants. 
 
2.13.2 Anti-foaming and defoaming 
It is important to distinguish between a defoamer and an anti-foaming agent. 
Antifoaming agents are used mainly in „wet foams‟, accelerating the drainage and 
improving the coalescing of small bubbles before a stable polyhedral foam is formed. 
Essentially, it makes small air bubbles coalesce so that they can rise faster to the 
surface. It also reduces surface viscosity, which further speeds up the deaeration 
process
95
. 
A defoamer destroys stable polyhedral foam by either
117
: 
 A decrease in film elasticity by spreading on double layers; 
 An increase in surface tension by adsorption of surfactant molecules on 
adsorbers; 
 A disturbance of the double-layer structure by particles. 
 
For a defoamer to perform its function, it has to move from the bulk liquid to where 
the bubble is located. Migration to the surface is the first step and as a second step it 
has to spread into the lamellae. Due to this migration, it is possible to generate a 
surface tension gradient, which is related to the Marangoni effect
94
. 
 
Another approach to reducing foam within ink is mechanical defoaming. By applying 
a vacuum to the sample, air bubbles expand significantly and rise to the surface faster. 
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A similar principle is used in centrifugation, where the difference in density between 
gas and liquid is mechanically enhanced. Other reported methods include blowing a 
jet of air on the foam to achieve rupture of the bubbles and also spraying fine octanol 
droplets on to aqueous samples. These alternatives, however, are not industrially 
desirable since they add more process steps
116
. 
 
2.13.3 Antifoaming agents 
This type of surfactant can act in various ways. It can remove surface-active materials 
from the foam surface, thereby making the foam unstable. Another mechanism may be 
to replace the foam-producing surface film with an entirely different type of film that 
is less capable of producing foam
94
. This must produce a surface tension low enough 
so that the molecules can spread spontaneously over the existing film. Tertiary 
acetylenic glycols act in this manner for aqueous suspensions
116
. Tributyl phosphaste 
is believed to act as an anti-foaming agent by promoting drainage from the lamellae. 
This reduces the surface viscosity sharply and stops formation of a foam. 
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3 Experimental  
3.1 Materials 
3.1.1 Pigment 
3.1.1.1 Sub-micron zirconia 
3 mol% yttria stabilised zirconia (YSZ) powder (MELox 3Y) was obtained from MEL 
Chemicals Ltd, Manchester, UK. It is well known that 8 mol% YSZ yields higher 
ionic conductivity, a property that high temperature SOFCs desire to exploit, however 
3 mol% YSZ provides mechanical strength. The mechanical properties of 3YSZ can 
also be utilised by SOFCs providing durable thin layers. Furthermore, 3YSZ has been 
widely researched in terms of processing and characterisation, which is another 
advantage for this work. 
 
3.1.1.2 Nano zirconia 
Dilute aqueous 3 mol% yttria stabilised zirconia nano suspensions were provided by 
MEL Chemicals Ltd. Supplied in batches; the solids content was found to be typically 
~23 ± 5 wt%, there being some variation between batches. The variation in the 
suspension was not limited to the solid content but also the pH of the suspension, 
ranging between pH 2-5. It was not the scope of the project to identify and investigate 
the ions present and their effect on the suspension. The variation in pH is likely to 
originate from the manufacturing process and had to be tolerated by subsequent 
processing. 
 
3.1.2 Dispersants 
A poly(methacrylate) based polyelectrolyte dispersant, Darvan C, (R.T. Vanderbilt 
Co., CT, USA) and tri-ammonium citrate (TAC) (Fisher Chemicals, Loughborough, 
UK), a short chain anionic dispersant, were tested as viable dispersants for the 
creation of stable sub-micron suspensions. Both dispersants are anionic, dissociating 
in the basic region but are of different size and chain length. TAC was used as the 
dispersant for the nano zirconia suspensions as well. Previous work by Santacruz et 
al.
92
 has shown success in using TAC with nano zirconia where dispersed systems 
have been produced. Darvan C has been used extensively to disperse metal oxides and 
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the mechanisms and effectiveness of the dispersant has been reported in the 
literature
122,131
. The chemical structures are shown in Figure 3-1 and Figure 3-2 
respectively.  
 
Figure 3-1: Chemical structure of Darvan C 
 
Figure 3-2: Chemical structure of tri-ammonium citrate (TAC) 
Tetramethylammonium hydroxide pentahydrate (TMAH) (Fisher Chemicals, 
Loughborough, UK) was added as crystals in order to change the pH, its structure is 
shown in Figure 3-3. Hydroxides have been used as pH buffers and TMAH has been 
shown to be a very effective at changing the pH of suspensions
75,120
.  Since the pH of 
the as-received suspension was variable, the amount of TMAH required also varied, 
but typically ~10 wt% was added with respect to the dry solids. The target pH for the 
suspension was 10 and 11.5 for sub-micron and nano suspensions respectively. All 
other additives were added to the suspension with respect to the dry solid pigment. 
 
Figure 3-3: Chemical structure of tetramethylammonium hydroxide pentahydrate (TMAH) 
The polyelectrolyte dispersant was supplied as a 25 wt% aqueous solution of the 
ammonium salt poly(methacrylic acid). Details of the physical properties for the 
polyelectrolyte are given in Table 3-1. TAC, a short chain dispersant was supplied as a 
powder with a molecular weight of 243.22.  
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Table 3-1: Physical Properties of Darvan C 
Molecular weight 10 000 – 16 000 
As-received pH 7.5 – 9 
Density at 25
o
C /mg.m
-3
 1.11 
Solids / wt% 25.0 
Solubility 
Completely soluble in water 
systems 
3.1.3 Binder 
A commercial rheological thickener, Rheolate 216 (Elementis Specialities, Diegem, 
Belgium), was used as both a thickener and binder in order to create the desired 
rheology for screen-printing. The thickener was supplied as a 20% aqueous solution of 
polymer: polyether urea polyurethane. Chemical and schematic representations of the 
binder additive are shown in Figure 3-4 and Figure 3-5 respectively. 
 
Figure 3-4: General chemical structure for a polyether urea polyurethane thickener (PEUPU) 
 
Figure 3-5: Schematic representation of a PEUPU 
Polyethylene glycol (PEG) (Fisher Chemicals, Loughborough, UK) is a simple 
straight chain polymer (Figure 3-6). Commonly a wax at high molecular weights, at 
low molecular weights it exists as a liquid and is soluble in water. Here, it has been 
used as a binder. However, its ability to form a film is only possible when in high 
concentration (e.g. >10 wt) and molecular weight. Furthermore, like most waxes, it is 
relatively soft. These properties do not make it an ideal binder for screen-printing. 
PEG grades 1500, 4000 and 6000 were used as a “binder” to illustrate the influence of 
molecular weight. 
 
Figure 3-6: Chemical Structure of polyethylene glycol 
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3.1.4 Solvents 
Aqueous suspensions and inks were created using de-ionised water. However, the 
influence of the solvent properties on the ink is a very influential parameter and an 
investigation into this variable was studied by controlling the solvent medium mixture. 
Co-solvents were introduced to reduce the evaporation rate of the inks. Firstly, 
ethylene glycol (Fisher Chemicals, Loughborough, UK) was used and its impact was 
characterised by rheological methods and printing trials. The solvent content was split 
by weight to examine the effect of the additive, Table 3-2. Secondly a study of the 
effect of solvent structure was performed. For this series of experiments propylene 
glycol (propane-1,2-diol) (Fisher Chemicals, Loughborough, UK) was employed 
replacing ethylene glycol in the solvent mixture. The chemical structures of these co-
solvents are shown in Figure 3-7 and Figure 3-8 respectively. 
 
Table 3-2: Solvent mixtures 
Water / wt% 
Ethylene glycol or 
propylene glycol / wt% 
100 0 
80 20 
60 40 
40 60 
 
In either case, ethylene and propylene glycol are fully miscible with water and can be 
used as a co-solvent in this respect. Furthermore, ethylene and propylene glycol are 
oils at room temperature and dry slower than water. 
 
Figure 3-7: Chemical structure of ethylene glycol 
 
Figure 3-8: Chemical structure of propane-1,2-diol (propylene glycol) 
3.1.5 Surfactants  
Surfactants can be used in the form of a dispersant, wetting agent, anti-foam agent; the 
different dispersants used in this study have already been outlined in an earlier section. 
A defoamer and a wetting agent was required within the study to improve the surface 
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quality of the printed layer. The surfactant used here was Surfynol 104E (Air 
Products, Netherlands), and was supplied in a 50 wt% solution in ethylene glycol. Its 
structure is shown in Figure 3-9. The supplier suggests that this particular surfactant 
has the ability to work as a wetting agent and a defoamer, which minimises the need 
to find separate surfactants for each function, further minimising the number of 
possible interactions. 
 
Figure 3-9: Chemical structure of 2,4,7,9-tetramethyl-5-decyne-4,7-diol (Surfynol 104E) 
 
3.2 Material Characterisation 
3.2.1 Particle Size 
A MasterSizer 2000 (Malvern Instruments, Worcestershire, UK) was used to measure 
the particle size distribution of the sub-micron zirconia powder. The distribution 
generated would incorporate the size of any agglomerates present and the size of the 
primary particle if dispersed. A standard method of sample preparation was required 
for comparative purposes. Suspensions of powder in water were created at 10 wt% 
with de-ionised water with the pH unaltered. An ultrasound probe (Soniprep 150, 
MSE, London, UK) with an amplitude of 12 μm was used to agitate the samples for 5 
minutes. The commercial ultrasonic disintegrator had an ultrasonic frequency of 23 
kHz and maximum power of 150 W. 
 
The laser diffraction technique employed by the MasterSizer works on the principle 
that the particles pass through a laser beam and the light is scattered at an angle that is 
related to their size. As the particle size decreases, the observed scattering angle 
increases logarithmically. 10 wt% suspensions were prepared and samples were 
diluted further when placed into the MasterSizer. It was essential that the suspensions 
were very dilute so that the scattered light was measured before it was re-scattered by 
other particles. A refractive index of 2.15 was used and the obscuration was kept 
between 10-20%. These were the recommended settings by Malvern Instruments. The 
pump speed was set at 2000 rpm and the beaker was stirred.  
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In contrast the particle size of the nano powders was characterised using electro-
acoustics (AcoustoSizer II (Colloidal Dynamics, Warwick, USA)). The MaserSizer 
only has capability to measurement an absolute minimum particle size of 20 nm and 
since the nano suspension was expected to be 20 nm a different technique was 
required.  
 
Within electro-acoustics the ESA effect (electrokinetic sonic amplitude) refers to the 
sound wave generated when an alternating electric field is applied to a colloidal 
suspension. To measure the effect a sample is placed in a cell containing two 
electrodes and an electric field is applied at varying frequencies. Since colloidal 
particles are normally charged the electric field causes the particles to oscillate at the 
same frequency as the field. Throughout most of the suspension the oscillations cancel 
each other out. It is only near the electrodes that the oscillations persist and a sound 
wave is generated. The sound wave causes the transducer to vibrate and this in turn 
generates a voltage on either side of the transducer. 
 
As the frequency of the applied field is increased the particles tend to fall behind. As 
the applied field changes direction in each cycle, it takes time for the particle to slow 
down, stop and then go back in the opposite direction. This is due to the inertia of the 
particle and as the particle size increases the effect increases. The technique can 
accurately measure particles smaller than 20 nm in dilute suspensions. 
 
3.2.2 X-ray Diffraction 
Powder X-ray diffraction (Bruker AXS D8 Advances, Karlsruhe, Germany) was used 
to identify the crystal structures present in the nano and sub-micron zirconia powders. 
The scanning rate was 2° 2θ per minute and Cukα radiation, wavelength of 1.5406 Å, 
was used.  
 
The nano suspension was dried to create a powder and it was subsequently ground 
with a mortar and pestle to produce a fine powder for analysis. The powder was tested 
under the same conditions as the sub-micron powder. 
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3.2.3 Electron Microscopy  
A Leo 1530VP Field Emission Gun Scanning Electron Microscope (FEG-SEM) was 
used to observe the samples at high magnifications. This was used for the sub-micron 
powder samples. 
 
A JEOL JEM 2000FX transmission electron microscope (TEM) was used to look at 
the primary particles at higher magnifications. This was used for the nano powder. 
 
3.3 Suspension Preparation 
3.3.1 Sub-micron zirconia 
The process of making a sub-micron zirconia suspension is outlined in Figure 3-10. 
Initially, de-ionised water was added to the dispersant in a known quantity (Table 
3-3). Stirred with a pitched blade to create an axial flow pattern, zirconia was added 
incrementally to create a suspension. The pH value of a suspension with a dispersant 
was adjusted using TMAH crystals taking the suspension to pH 10. All suspensions 
were micronised for 30 minutes to increase dispersion and left overnight (~16 hours) 
in a shaker. An ultrasonic probe (Soniprep 150, MSE, London, UK) was used to 
agitate the sample for 2 minutes, 30 minutes before testing. Ultrasonic probes can 
generate a lot of heat that would be transferred to the suspension, to avoid this and the 
consequent risk of evaporation the suspensions were placed in a cold-water bath 
throughout the treatment. 
Table 3-3: 10 wt% suspensions for zeta potential analysis 
Zirconia content / wt% Dispersant concentration / wt% 
10 0 
10 0.5 
10 0.8 
10 1.0 
 
The purpose of an ultrasound probe was to reduce the amount of agglomerates that 
may be present in the suspension or subsequent inks. An ultrasonic probe transmits 
sound energy through high frequency vibrations (23 kHz) at the tip of the probe to the 
suspension sample. This creates micro-cavities within the dispersing medium and the 
rapid alternating pressure produced by the sound waves in the liquid cause the cavities 
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to disintegrate implosively. This disintegration produces a local intense shock wave 
that may result in the size reduction of any agglomerates present depending on the 
agglomerate structure. 
 
Figure 3-10: Process outline for making sub-micron zirconia suspensions 
 
Optimisation of the dispersant content was required before the solids content could be 
increased. Initially, 10 wt% aqueous suspensions were created with different 
dispersant concentrations. These suspensions were examined by an AcoustoSizer for 
zeta potential analysis. Experimental detail of the characterisation technique is given 
in section 3.4. 
 
Further suspensions at 20 wt% solids content were formulated to optimise the 
dispersant content by rheological methods (section 3.4), Table 3-4. Higher solids 
content suspensions ~65 wt% were possible and were used to create subsequent inks. 
Particle size measurements of concentrated suspension were not performed as both 
techniques outlined require dilute suspension to be accurate and repeatable. 
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Table 3-4: 20 wt% suspensions for rheological analysis 
Zirconia content / wt% Dispersant concentration / wt% 
20 0 
20 0.6 
20 0.8 
20 1.0 
 
3.3.2 Nano zirconia 
Since the nano zirconia arrived as a pre-fabricated suspension, the only preparation 
required was dilution or concentration of the suspension to the required solid loading. 
Figure 3-11 shows the process outline for creating a dilute nano suspension for the 
purposes of suspension characterisation. This differs considerably from the sub-
micron suspension preparation where powder was added to water to form a 
suspension.  
 
Figure 3-11: Process outline of the nano suspension for characterisation 
Previous reports have suggested that in the acidic region there is a possibility of the 
dissolution of yttria
118
. Combined with unsuccessful attempts to increase the 
concentration of the suspension in the acidic pH region
119
, research was directed at the 
use of the suspensions in alkali conditions. TMAH, a well-known strong base, was 
used to change the pH. Above pH 11 the suspension was stable but viscous. TMAH 
was known to be ineffective as a dispersant and a secondary additive was required
120
, 
in this case, TAC, another commercial dispersant was utilised. Previous research had 
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shown that it was possible to concentrate suspensions in the alkaline region
99
. After 
adding 3 wt% TAC, the viscosity of the suspension dropped to <1 Pa s at 100 s
-1
 and 
an overhead mechanical stirrer with a pitched blade stirrer accessory kept the 
suspension homogeneous. An ultrasonic probe (Soniprep 150, MSE, London, UK) 
was used to agitate the sample for 2 minutes with an amplitude of 12 μm. Vibrating at 
high frequency an ultrasonic probe can generate a lot of heat that would be transferred 
to the suspension. To avoid any temperature effects from the probe, the suspensions 
were placed in a cold-water bath throughout the treatment. 
 
A standard suspension was created using 3 wt% TAC and sufficient TMAH to keep 
the pH above 11. This ~23 wt% dilute suspension could be concentrated to >75 wt% 
by the evaporation of water from the suspension. This process is outlined in Figure 
3-12. Although increasing the temperature to accelerate the evaporation was possible, 
the temperature employed was dependent upon the solid content of the suspension. 
Based on 800 g of as-received suspension, the first stage of concentration was 
achieved at 65
o
C for 8 hours. After this period, the suspension was allowed to cool to 
room temperature and ultrasonics were applied using the method outlined above. This 
was to reduce or eliminate any agglomerates that may have formed. Previous studies 
have shown that long exposure times (8 minutes) to ultrasonics did not significantly 
reduce the viscosity
92
. Further concentration to higher solid loadings was achieved 
through the same process at lower temperatures and times. For the next 4 hours, a 
temperature of 60
o
C was employed and 55
o
C for the following 4 hours. Ultrasonics 
were applied at the end of each 4-hour period or when necessary, i.e. when the 
viscosity increased to >2 Pa s at 100 s
-1
. 
 
After 16 hours of evaporation, a suspension with >70 wt% solids was the typical end 
result. Throughout the process the suspension could be characterised (Section 3.4) at 
various stages and by the end of the concentration process a low viscosity, <2 mPa s, 
and a high solid loading suspension, >70 wt%, was required for further processing. A 
suspension with such a low viscosity can be used for various different processes, e.g. 
slip casting, spray drying, ink formulation. 
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Figure 3-12: Process outline for a concentrated nano zirconia suspension 
 
3.4 Suspension Characterisation 
3.4.1 Zeta potential measurements 
The zeta potential values of the zirconia particles were determined using an 
AcoustoSizer II (Colloidal Dynamics), and the zeta potential measurements were 
performed in de-ionised water. The instrument was calibrated before use with the 
standard solution and pH buffers. The equipment also performs an automatic 
measurement of zeta potential over a given pH range (2-12). 10 wt% suspensions were 
created and the pH modifiers were 0.1 M HCl and NaOH. Titration syringes were 
filled with the pH modifiers and the automatic titration software was set so that the 
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zeta potential was recorded at every pH integer. The as-received nano suspension was 
performed as a basic titration due to the acidic nature of the suspension. Titrations for 
the assessment of dispersants were performed in two stages; one acidic titration and 
one basic titration. In all titration experiments the stirrer speed was kept constant at 
300 rpm and all measurements were at 25
o
C. The equilibration time was 180 seconds 
to ensure the pH modifier was thoroughly mixed throughout the suspension. 
 
Results were taken from sub-micron suspensions with a 10 wt% solid loading in the 
absence and presence of a dispersing agent (0.5, 0.8 and 1.0 wt%) for dispersant 
optimisation. The nano suspension also required dispersant optimisation and the 10 
wt% suspensions contained 0, 1, 2, 3 and 4 wt% TAC. In conjunction with the 
rheological characterisation of concentrated suspensions an optimised dispersant 
concentration was established. 
 
3.4.2 Rheology measurements 
For rheological analysis the nano suspension was analysed as-received and also with 
dispersant. 20 wt% sub-micron suspensions were prepared for rheological 
characterisation. In the latter case, water was added to the dispersant and then mixed 
with zirconia powder whilst being mechanically stirred using a pitched blade creating 
an axial flow pattern. The sub-micron dispersants Darvan C and TAC were anionic 
and the pH of the suspension was adjusted to a value of 11.5 for optimum 
performance by adding TMAH crystals. Additional micronising (McCrone 
Microscopes & Accessories, Illinois, US) and ultrasonics were applied, as outlined in 
section 3.3. 
 
An Anton Paar MCR101 (Anton Paar Ltd, Hertford, UK) rheometer was used to 
record rheological data; a 50 mm diameter plate was used in a parallel-plate set up. 
Controlling the shear rate (CSR mode) in the tests, with the temperature at 20
o
C, the 
sample suspension went through a short pre-shear interval (1 s
-1
 for 30 s) followed by 
a rest period (60 s). The shear rate was subsequently increased from 1 - 1000 s
-1
 and 
the viscosity was recorded as a function of shear rate. For comparison the viscosity at 
100 s
-1
 was taken. 
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For the sub-micron suspensions, only rotational rheometry was used, i.e. the CSR flow 
test outlined above. The sub-micron suspensions were of an inherently low viscosity 
to go below the capability of the rheometer in oscillatory mode. More viscous nano 
suspensions were exposed to further rheological characterisation detailed in the Ink 
Rheological Characterisation section, 3.7. Further, sub-micron inks and nano inks 
were also tested by these methods. 
 
Samples were tested two times and the mean was plotted in the results. Error bars 
have been calculated based on the standard deviation of the two results. 
 
3.5 Sub-micron Ink Formulation 
3.5.1 Aqueous-based Inks 
A pre-requisite for the formulation of an ink is the creation of a stable suspension; the 
addition of a binder (1-5 wt%, Rheolate 216) to the suspension created an ink. The 
process of ink preparation is outlined in Figure 3-13. Ultrasonics were applied to the 
paste for 2 minutes at 12 μm amplitude, with the paste and container being held in a 
cold-water bath.  
 
To investigate the effect of binder concentration on ink formulations, the binder 
content was varied whilst keeping the other variables constant. Table 3-5 shows the 
compositions of the inks studied in the project. The amount of water reduced when 
increasing the binder concentration, this was unavoidable when all other variables 
were kept constant. The binder was a pre-formed solution which meant more water 
was added when more binder was added. 
 
Table 3-5: Compositions for the effect of binder content 
Ingredient Concentration / wt% 
Sub-micron zirconia 60 
Dispersant 0.8 
Rheolate 216 (Variable) 1, 2, 3, 4 or 5 
Water 100 - other ingredients 
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Figure 3-13: Process outline for ink fabrication 
 
Two different dispersants were used to create suspensions and then inks. They were 
compared as one dispersant, TAC, is a short chain dispersant, and the other, Darvan C, 
is a long chain polymer. A brief comparison of different dispersant structures was 
performed. The inks were created with the same composition, but with the dispersant 
as the variable. Compositions of the ink are shown in Table 3-6. The inks were 
formulated to 60 wt% solid loading after the addition of all additives. Typically, 
formulations were based on 100 g of ink. 
 
Table 3-6: Compositions for the effect of dispersant structure 
Ingredient Concentration / wt% 
Sub-micron zirconia 60 
Dispersant (Darvan C or TAC) 0.8 
Rheolate 216 (Variable) 1, 2, 3, 4 or 5 
Water 100 - other ingredients 
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3.5.2 Co-solvent Inks 
In addition to the preparation of aqueous zirconia suspensions, some were also 
prepared that contained different concentrations of a co-solvent, viz. ethylene glycol 
or propylene glycol (Table 3-2). The amount of co-solvent was incrementally changed 
to observe the influence of a co-solvent upon the ink. The co-solvent mixture was 
prepared by mixing water and ethylene glycol/propylene glycol together. The 
prepared ink then followed the same process as outlined in Figure 3-13. Inks were 
formulated with a 60 wt% solid loading after the addition of the binder, Table 3-7. 
Table 3-7: Compositions for the effect of ethylene glycol and co-solvent structure 
Ingredient Concentraion / wt% 
Sub-micron zirconia 60 
Darvan C 0.8 
Rheolate 216 5 
Solvent (Variable) Water / wt%  Ethylene glycol or 
propylene glycol / wt% 
100 0 
80 20 
60 40 
40 60 
 
3.5.3 Co-solvent inks with additional surfactant 
The composition of an ink influences printing behaviour and a wetting agent/defoamer 
can enhance the quality of a print reducing mesh marks or pitting. To study the effect 
of surfactant the co-solvent ratio with water was held constant at 40-60% (water - co-
solvent). The dispersant and binder concentrations were also constant but the amount 
of surfactant, Surfynol 104E, was varied. The addition of Surfynol incorporated 
ethylene glycol (EG) and this was factored into the calculations to ensure the water – 
co-solvent ratio remained exact. The surfactant was added after the binder 
homogenization (Figure 3-13), after which the ink went through a further ultrasonic 
treatment for 2 minutes at 12 μm amplitude and with a cold water bath. This ensured 
that the surfactant was well mixed in the ink. 
Table 3-8: Compositions for the effect of wetting agent/defoamer 
Ingredient Concentration / wt% 
Sub-micron zirconia 60 
Darvan C 0.8 
Rheolate 216 5 
Solvent 40-60 (Water-EG) 
Surfynol 104E (Variable) 0.25, 0.50 and 1 
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3.6 Effect of particle size and effect of binder molecular weight 
A series of inks were created to identify the influence of the binder molecular weight. 
A simple linear polymer chain, polyethylene glycol, PEG was used. Note, PEG is not 
normally considered a suitable binder for screen-printing since it does not form a 
hardened film; instead the wax is soft and malleable. However, it can be used in other 
ceramic processing techniques such as ceramic injection moulding but it has not been 
used before as a binder for screen printing inks. PEG does lend itself to a variety of 
molecular weights, which makes it a useful additive to investigate the effect of binder 
molecular weight. Solutions of PEG were prepared in de-ionised water at a 50% 
concentration. Different solutions were made using three different molecular weight 
grades: 1500, 4000 and 6000. Zirconia suspensions, both sub-micron and nano, were 
prepared with a 65 wt% solid loading to which 5 wt% PEG was added. Ultrasonic 
treatment was used to ensure homogeneity and the method is outlined in the previous 
section, 3.5.3. 
 
Table 3-9: Compositions for the effect of binder molecular weight and comparisons of particle 
size 
Ingredients Concentration / wt% Concentration / wt% 
Zirconia 65 (Sub-micron) 65 (Nano) 
TAC 0.8 wt% 3 wt% 
PEG (MW variable) 5 5 
Water 100 – other ingredients 100 – other ingredients 
 
3.7 Ink Rheological Characterisation 
Characterisation of the inks was largely conducted by rheological testing. The 
rheological characterisation of the suspensions has been discussed in earlier sections, 
but given the more complex nature of inks, characterisation was performed in 
oscillation and rotation. Rheological data was collected using an Anton Paar MCR101 
rheometer (Anton Paar Ltd, Hertford, UK). Parallel plates with a diameter of 50 mm 
were used throughout the rheological experimentation with the measurement gap set 
to 0.5 mm. A peltier system controlled the temperature at 20
o
C whilst a passive hood 
minimised solvent loss. 
 
3.7.1 Rotational rheology 
Steady-state flow measurements were performed on all ink pastes, starting with a pre-
shear interval for 60 s at a shear rate of 5 s
-1
. Pre-shearing ensured that all samples had 
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the same shear history, thus allowing for accurate, reproducible results. A rest interval 
followed for a 60 s period. In both of the two stages, data was not recorded, rather, 
data was taken after the rest interval where the samples were exposed to controlled 
shear rate (CSR) or controlled shear stress (CSS) tests. In both modes 50 measurement 
points were recorded from 0.01 – 1000 s-1 and 5 – 1000 Pa respectively in a 
logarithmic ramp profile. To avoid transient viscosities - especially at low shear rates, 
 < 1s-1, or low shear stresses - it was important to ensure that the measuring point 
duration was long enough. Therefore a „no time setting‟ was applied, allowing 
sufficient time to achieve steady-state for each measurement. Samples were taken to 
1000 s
-1
 and held for five minutes. Downward sweeps were not performed to identify 
thixotropy as this technique was considered outdated
6
.  
 
Thixotropy tests were performed in rotation, employing the three interval thixotropy 
test (3ITT)
6,74
. The samples were subjected to the same pre-shear and rest conditions 
as for the flow curves in CSR and CSS modes; the aforementioned temperature 
control and measuring geometries were also employed. The three interval thixotropy 
test consisted of two low shear-rate intervals separated by a high shear rate interval. 
 
All intervals in the thixotropy test employed a constant shear rate over a defined time 
period and the viscosity change was observed. The low shear-rate intervals used a 
constant shear rate of 2 s
-1
 for 50 s where 50 measurement points were recorded. 200 
s
-1
 was applied to the samples in the high shear rate interval for 10 seconds and 20 
measurements were taken in the interval. 200 s
-1
 does not fully represent the 
processing speed of screen-printing, but it is high enough to ensure spin-out of the 
sample did not occur. (If a sample is of low viscosity then at high shear rates the 
sample can be removed from the measurement gap by centrifugal forces – this is 
known as spin-out and the result loses its accuracy.)  The shear rate used during screen 
printing can be calculated if the distance of the squeegee blade from the screen is 
known and the speed at which the squeegee blade is moving. In this investigation the 
squeegee speed was left constant at 25 mm s
-1
. The squeegee height varies as it travels 
over the screen. The squeegee is believed to be in-contact with the screen in the initial 
phase of the stroke and hence the screen deforms, however moving over the stencil 
area where there is a mesh the squeegee is partly in-contact due to the mesh openings. 
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An infinitely high shear rate can be used due to the contact of the screen and squeegee 
and a lower shear rate, 1 000-10 000 s
-1
, can be used over the meshed area. 
 
3.7.2 Oscillatory rheology 
All oscillatory experiments were performed at 20
o
C and controlled by the same 
method outlined in the rotational rheology section, 3.7.1. A strain sweep provided the 
yield stress, flow stress and information on the linear viscoelastic region (LVER) and 
was the first test performed in oscillation. Strain sweeps were carried out with a 
constant angular frequency, 6.283 rad/s (or 1 Hz) and the strain started at 0.1% and 
finished at 1000%. 40 measurements points were made, taken in a logarithmic ramp. 
From this test the storage and loss modulus were measured, these are significant 
results that can indicate whether an ink will print well or not. The metrics of yield 
stress and flow stress are useful for comparison between samples giving an 
understanding to the interactions of different components. 
 
The second test was the frequency sweep; here the strain was held constant. A 
different strain value was used for each sample where necessary, since the value used 
was required to be within the LVER. The angular frequency was varied from 6.58 rad 
s
-1
 to 248 rad s
-1
 (or 1.05 – 39.4 Hz) going up in a logarithmic ramp. 100 
measurements were taken, again in steady-state. In a frequency sweep a viscous flow 
dominated liquid is desired implying that the ink would flow. 
 
3.8 Drying Experiment 
The formulation of inks using a co-solvent had the objective of slowing down the 
drying rate and thereby promoting levelling by increasing the time the ink was a 
liquid. Therefore, drying rate was measured by weighing the samples after printing 
and recording the mass with time. The substrates were weighed before the printing 
cycle and then during drying after printing every 15 s. The coating weight could be 
calculated and then the mass loss derived from the results. Plots of weight loss as a 
percentage against time were derived. 
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3.9 Screen-Printing 
There are many parameters involved in screen printing, as discussed in 2.2.1. Since 
this investigation looks at the influence of ink formulation parameters the screen 
printing parameters were not varied. It is known that screen-printing parameters play 
an important role in producing good quality prints and by holding them constant, the 
rheology of the ink could be correlated to the resultant prints. An SM Tech 
Benchmark screen-printer (Contax, Fareham, UK) was used for screen-printing. 
Several screen and screen-printer parameters can vary the thickness of the print
25
; 
however, this has not been investigated within the present work. The screen used was 
stainless steel 90/40 (200) S/S 45D. The ink was printed onto a porous zirconia layer 
that had been printed and sintered on a ceramic substrate (60 mm x 60 mm), which 
was securely held down by a custom made clamp. The squeegee blade was made of a 
hard elastomer; a square blade profile was used at a permanent angle of 45
o
. Other 
screen printing parameters are outlined in Table 3-10. 
 
Table 3-10: Screen-printing settings 
Front Squeegee Pressure 6 kg 
Rear Squeegee Pressure 6 kg 
Squeegee Speed (Front & Rear) 25 mm s
-1
 
Print Gap 1.35 mm 
Print Cycle Print/Print 
Deposits 2 
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4 Results & Discussion 
4.1 Powder Characterisation 
4.1.1 Particle Size 
The sub-micron zirconia was characterised for its particle size using laser diffraction 
on a Malvern MasterSizer 2000. From Figure 4-1 the main peak is at 0.1 μm, which 
agreed well with the particle size quoted by the manufacturer. Whilst the distribution 
was mono-modal, agglomerates were also present. The size of the agglomerate from 
Figure 4-1 was ~2 μm. 
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Figure 4-1: Particle size distribution of the as-received zirconia powder 
 
The nano zirconia was received as a suspension. The pH of the as-received was 
between pH 2 – 5. The zeta potential values at this pH were high; >45 mV indicating a 
good dispersion of particles corresponding to the mono-modal particle size 
distribution. The d(50) from Figure 4-2 is 18 nm. 
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Figure 4-2: Particle size distribution of the nano zirconia particles  
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4.1.2 X-Ray Diffraction 
The XRD pattern for the sub-micron powder in Figure 4-3 shows that the sub-micron 
powder was crystalline exhibiting tetragonal/cubic and monoclinic phases. The peaks 
marked “t” correspond to the tetragonal/cubic peaks and “m” correspond monoclinic 
peaks as reported in JCPDS files 79-1769 and 78-1807 respectively. There was 
substantially more of the tetragonal phase than the monoclinic phase. The monoclinic 
phase can be viewed as a residual phase due to the number of counts present. 
 
Figure 4-3: X-ray diffraction pattern for 3YSZ sub-micron powder 
 
Figure 4-4 shows the XRD pattern for the nano zirconia powder. From the figure there 
is only the tetragonal/cubic phase present. For both the nano and sub-micron powders 
in Figure 4-3 and Figure 4-4 any peaks above 60
o 2θ have not been fitted since the 
number of counts is relatively low. 
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Figure 4-4: X-ray diffraction pattern for nano 3YSZ powder 
 
4.1.3 Microscopy 
Images of the sub-micron zirconia powder are presented in Figure 4-5  where the 
particles were seen to be of a regular shape and spherical. The particle size was 
estimated from the images to be ~100 nm, which correlates well with the information 
presented on particle size in Figure 4-1. It also confirms that the particles were sub-
micron.  The images also show that agglomerates of zirconia were also present. Again 
this was also shown in Figure 4-1. 
 
Figure 4-5: FEG-SEM images of the 3YSZ sub-micron powder at different magnifications 
 
The nano powder was characterised by TEM and Figure 4-6 shows that the particle 
size is ~18 nm.  The particles are shown to be slightly angular and their shape was 
considered to be irregular. 
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Figure 4-6: Particles of nano zirconia taken by TEM  
 
4.2 Sub-micron suspension preparation 
In order to create a suitable, dense electrolyte layer by screen-printing, the primary 
approach was to obtain a homogeneous suspension of zirconia in water and the 
prerequisite for a uniform microstructure was to minimise agglomeration in the 
suspension. In this section, preparation of sub-micron suspensions is presented 
highlighting the optimisation of different dispersants. 
 
4.2.1 Zeta Potential 
The zeta potential curves of aqueous sub-micron zirconia suspensions are shown in 
Figure 4-7 with and without the aid of a dispersant. The mean of 2 measurements has 
been plotted for each point in Figure 4-7. The standard deviations are small (within the 
size of the marker) and have not been plotted. Without a dispersant the iso-electric 
point (IEP) was between pH 6 - 7. A range of IEP values have been observed in the 
literature from pH 5-8 
91,122,123,124
 though a value of 6 is also common
123
. The zeta 
potential increased to >+40 mV at pH 4 and decreased to >-40 mV at pH 10 and 
beyond. Stable suspensions are more common with high absolute values of zeta 
potential and therefore stability could be achieved away from the IEP
4
, i.e. pH < 4 or 
pH > 10. The highest absolute zeta potential was observed at pH ~11. 
 
The addition of a polyelectrolyte, Darvan C, to the suspension changed the zeta 
potential curve substantially, Figure 4-7. The IEP shifted significantly to a lower pH 
value of ~3. Consequently, the absolute zeta potential value had increased to >50 mV 
at pH 10 or above; this will have yielded increased stability for the suspension. The 
IEP shift was attributed to the adsorption of the polyelectrolyte
110
. Using 0.8 wt% 
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Darvan C within the suspension, a marginally better result was presented than for 
other quantities investigated. Between 0.5-1 wt% Darvan C the IEP can be found 
between pH 3-4. The zeta potential curves for these suspensions do not differ 
dramatically implying the variation would be tolerable in terms of suspension 
stability. 
 
Darvan C is a large polymer chain with its carboxyl groups spaced regularly on its 
chain
127
. It dissociates at pH values above 3.5 and full dissociation occurs at 8.5 and 
above
110,127
. The carboxyl group, RCOO
-
, on the dispersant is the functional group 
that can adsorb on the surface of the YSZ and contribute to the stabilisation of the 
suspension
131
. Hydrophobic bonding, ion exchange and dispersion forces are all likely 
mechanisms for adsorption
94
. 
 
Figure 4-7: Titrations of 10 wt% zirconia suspensions with the addition of different quantities of 
the dispersant Darvan C 
TAC has a lower molecular weight than Darvan C and has been previously used as a 
dispersant with alumina and zirconia
99,125,126
. The effect of the dispersant was similar 
to Darvan C in that both stability and pH independence of the suspensions were 
increased, Figure 4-8. The functionality of TAC may be a reason for the higher 
absolute zeta potential values.  
 
The adsorption of TAC on the surface of zirconia can be explained by the ligand 
exchange theory. This is a series of reactions and in the first stage the ligand is 
deprotonated. 
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  = ligand with the valence n 
 = Surface Hydroxyl Group 
 = the surface complex 
 
In the second reaction the surface hydroxyl becomes protonated. The group has a 
complex forming  -donor group that can co-ordinate with  ions producing  
groups. 
 
In the final reaction the exchange of the  group with the ligand occurs and the 
ligand is adsorbed onto the surface. 
 
 
 
The adsorption of a ligand does not necessarily lead to a change of the surface charge. 
Such an adsorption is a simple exchange of the ( ) group for another dissociated 
group, viz. . A change of the surface charge can be achieved if an additional 
dissociated group, which is not coordinated to the surface is present in the molecule. 
The carboxylic acid functional groups of both dispersants, TAC and Darvan C, were 
dissociated at pH 11 
99,131
 and this can be seen Figure 4-8 where the zeta potentials 
were in increased. 
 
Other authors have also reported the IEP shift from pH~7 to pH~3 
121
. As seen with 
Darvan C, 0.8 wt% TAC produced the zeta potential curve with the highest absolute 
zeta potential values, Figure 4-8, this level of addition showed better stability across 
the whole pH range than any of its counterparts. 
 
At pH 10, TAC and Darvan C produced zeta potentials of about -70 mV and -60 mV 
respectively. The addition of dispersants at >pH10 will have increased the probability 
of adsorption due to the dispersants dissociating in this pH region. 
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Figure 4-8: Titrations of 10 wt% zirconia suspensions with the addition of different quantities of 
the dispersant TAC 
4.2.2 Rheology 
Figure 4-9 shows the viscosity flow curves of 20 wt% zirconia suspensions as a 
function of the dispersant, Darvan C. The pH of the suspensions remained constant at 
pH~11. Increasing the dispersant concentration reduced the viscosity, which implied 
better dispersion. The higher viscosity values at low concentrations were attributed to 
bridging flocculation and thus agglomeration
95
. The functionality and chain length of 
Darvan C meant that it could adsorb onto multiple particles at the same time because 
monolayer coverage had not been reached. The amount of dispersant necessary to 
avoid forming the bridges was shown to be 0.8 wt%, where the curve showed the 
minimum viscosity in this series of experiments. The increase in viscosity at 1.0 wt% 
was attributed to free dispersant chains entangling with attached polyelectrolyte chains 
causing bridging between the particles. Furthermore, the excess dispersant will have 
increased the viscosity of the liquid medium (and yielded a decreased green density). 
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Figure 4-9: Flow curves of 20 wt% aqueous sub-micron zirconia suspensions with Darvan C 
Figure 4-10 shows that the flow curves of 20 wt% zirconia suspensions dispersed with 
TAC had very similar results to those obtained with Darvan C. Again the pH was held 
constant at pH~11. A minimum viscosity was observed at 0.8 wt%, similar to that of 
Darvan C. 1.0 wt% TAC suspension displayed a slightly higher viscosity flow curve. 
The difference in the suspension characteristics have been attributed to agglomerates 
in the suspension.  
 
 
Figure 4-10: Flow curves of 20 wt% aqueous sub-micron zirconia suspensions with TAC 
Figure 4-9 and Figure 4-10 show that the suspensions displayed shear-thickening 
behaviour; a type of behaviour that is rarely seen. A possible reason for this behaviour 
is that low viscosity materials may not meet the assumptions inherent in the 
measurement of viscosity. Firstly, the fluid should wet both surfaces with which it is 
78 
 
in contact during the viscosity measurement
6
; this could be a concentric cylinder or 
parallel plate set-up. This criterion was obeyed. Laminar flow is the second criterion 
and because of the low viscosity nature of the suspensions, turbulent flow patterns 
may have been present at relatively low shear rates, increasing at higher shear rates
6
. 
Due to the turbulence, a higher viscosity would be recorded and hence shear 
thickening behaviour exhibited. In order to obtain more accurate data and flow curves, 
correction factors that include Taylor numbers and Reynolds numbers would have 
been required but this went beyond the scope of this work. 
 
Dispersant optimisation of the aqueous zirconia suspensions was achieved by both 
zeta potential analysis and rheological characterisation, with suspensions being 
prepared at 10 wt% and 20 wt% zirconia loadings respectively. Whilst in the absence 
of a dispersant it has been previously shown that zirconia particles exhibit a relatively 
low sediment volume in the basic region owing to the magnitude of the zeta potential 
underpinning the dispersion
122
, as the solids content is increased it would become 
increasingly difficult to achieve dispersion without the use of a dispersant. Since 
particle separation distances become smaller at high concentrations of solid, there will 
be an increase in collisions and possible agglomeration due to Brownian motion
69
. In 
the present work, 0.8 wt% dispersant was observed to yield the highest zeta potentials 
and hence lowest viscosity of the concentrations investigated for both TAC and 
Darvan C.  
 
4.3 Effect of Binder 
The purpose of the binder additive was to hold the particles together during and after 
green processing
53
, but it also needed to burn out before sintering. The amount of 
binder dictated the rheological properties of the ink and hence characterisation of the 
behaviour was performed through rotational and oscillatory rheometry. Inks were 
formulated with Darvan C (0.8 wt%) as dispersant and Rheolate 216 (variable 
concentration) as a binder. 
 
4.3.1 Rheology 
The purpose of using low-shear rates in rotation was to observe behaviour at, or near, 
rest situations. Figure 4-11 shows that the viscosity rose when the binder, a type of 
poly ether urea polyurethane (PEUPU), was added
7
. Associated with this rise in 
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viscosity, shear-thinning was also observed. The latter property of the inks can be 
attributed to the binder creating a network structure of entangled polymer chains and 
particles. 
 
Interestingly, shear-fracture was observed in the 3 and 4 wt% inks, which suggests a 
higher level of rigidity within the ink. This is indicated in Figure 4-11 by the irregular 
drop in viscosity. Changing the gap setting in the parallel plate arrangement could 
have reduced or eliminated the shear fracture observed. To compare the results of all 
the inks the measurement gap was left unchanged and all inks were measured using 
the same method and settings. Changing the test settings to yield different results 
would conceal the full impact of the additive. 
 
Figure 4-11: CSR flow curve showing the effect of binder 
Figure 4-12 shows the effect of binder concentration at 5 s
-1
. A maximum viscosity 
was observed at 3 wt%. This effect will be shown clearer in oscillation tests where the 
structure of the ink is preserved whilst it is being examined leading to an accurate 
description of the internal structure at or near rest situations. 
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Figure 4-12: The effect of binder concentration on viscosity at 5 s
-1
 
From Figure 4-13 it may be seen that the inks do not deform in the same manner. The 
inks with 2 and 3 wt% binder are similar, likewise the inks with 4 and 5 wt% binder 
are also similar. Outside the linear visco-elastic region (LVER) the inks with 2 and 3 
wt% binder exhibited a steep decline in storage modulus, whilst the inks with 4 and 5 
wt% binder showed a slower rate of deformation. This indicated that at a certain 
concentration and above the binder will begin to dominate the rheological properties 
of the ink system.  
 
Figure 4-13: Effect of binder content on storage modulus 
In section 4.2, low solids content, dispersed suspensions of zirconia were achieved 
without the aid of a dispersant, whilst high concentrations, e.g. >10 wt%, required the 
use of a suitable dispersant. It was assumed that at the optimum dispersant 
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concentration and pH a monolayer of surfactant coated each particle surface and 
therefore interactions between any binder present and particle surfaces will have been 
minimal
5
. Based on the literature
107,129
,
 
it is believed that the Darvan C molecules will 
have extended from the particle surface into the bulk medium with a tail configuration 
increasing the adlayer thickness. The binder will then have had a higher probability of 
interacting and entangling with the dispersant as the hydrodynamic volume will have 
also increased
47
. 
 
Typically, polymers have a hydrophobic backbone and hydrophilic functional side 
groups, an example of this is PVA
103
. However, the Rheolate 216 additive, a known 
associative thickener, had a hydrophilic backbone and hydrophobic end caps, which 
will have developed intra- or inter-molecular links as their hydrophobic groups 
associate with the hydrophobic backbone of the dispersant
104,105
. As a result of 
increased levels of entanglements between dispersant and binder, increased shear-
thinning behaviour was observed as the binder concentration increased. This was 
shown through the CSR and G strain sweep curve, Figure 4-11 and Figure 4-13. 
 
The loss modulus, G  , is a measure of the deformation energy used up by the sample 
during the shear process. The presence of the binder increased the G   (Figure 4-14), 
with 4 wt% yielding the highest value within the LVER. At 5 wt%, the G  value 
started to decrease within the LVER. This behaviour is indicative of excess binder as 
it was able to aid the relative movement of other molecules. 
 
Figure 4-14: Effect of binder on the loss modulus 
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It has been established that the addition of a binder increased the viscosity, and 
structure of the inks. Figure 4-12 and Figure 4-15 show that a maximum viscosity and 
storage modulus can be achieved, after which these values start to decrease. The 
maximum denotes where the highest number of dispersant-binder interactions takes 
place. After the maximum the dispersant chains are saturated and the binder is not 
contributing to the network structure. 
 
Figure 4-15: The effect of binder concentration on the storage and loss modulus at 5 Pa 
The particle size, dispersant structure and binder structure will govern if and where a 
maximum will manifest itself. Smaller particles have higher surface area and therefore 
will require a suitable dispersant and concentration to achieve a stable suspension. The 
mechanism by which the dispersant works will determine how and where the 
maximum is located. Short range dispersants will interact differently to long-range 
electrosteric dispersants and so the structure of the all the additives becomes important 
in ink formulation. 
 
The phase angle,  , is a useful parameter showing the relationship between G and 
G  . The process of screen-printing requires inks to show both viscous and elastic 
properties and hence a visco-elastic liquid is desirable. The stress at which the number 
of interactions breaking surpasses the number of interactions forming defines the flow 
stress of a liquid ( G = G  ) and hence beyond this value the network structure of an 
ink starts to collapse
6
. For a suspension, values >45o indicate that the suspension is 
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unstable, typically exhibiting sedimentation. In the case of inks, this criterion cannot 
be applied since other components have been added and may dominate the system. 
 
Figure 4-16: Effect of binder on the phase angle 
Darvan C-based inks show a gradual increase in the phase angle at low shear stresses, 
<10 Pa. This implies the difference in  G and G   is reducing and at 5 wt% the phase 
angle at 5 Pa is 44
o
. Increasing the binder concentration also changed the transition 
from the gel-state to the viscous-state. The 2 wt% ink shows a steep change in phase 
angle over a large stress range, 60-300 Pa, and increasing the binder concentration this 
becomes less of an incline. The 5 wt% ink changes over a smaller stress range, 80-200 
Pa. 
 
All of the characteristics indicate that the interactions created between binder and 
dispersant will have influenced the manner in which the ink flows during application. 
At 5 wt% binder content, the ink showed a plateau at high shear stress, >100 Pa, an 
indication that the ink had lost all of its structure. 
 
The frequency sweeps presented in Figure 4-17 illustrate that whilst with increasing 
binder addition the curves of G and G  began to converge, only the 5 wt% binder 
content had a crossing point, i.e. a change from one type of behaviour to the other. 
The ink started to show behaviour indicative of a Maxwellian liquid and the ink 
should therefore display different flow properties such as levelling, see section 4.3.2. 
The Maxwell model is where the spring and dashpot have a series arrangement 
(section 2.6.4). 
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Figure 4-17: Frequency sweep showing the effect of binder 
 
Figure 4-18: The effect of binder concentration on phase angle at 10 rad s
-1
 
10 rad s
-1
 has been chosen as a comparative metric since low frequencies denotes 
long-term behaviour and the degree of levelling can be examined. Viscous behaviour 
at low frequencies may indicate that levelling would be promoted
6
. The effect of 
binder concentration in Figure 4-18 shows that with an increase in binder 
concentration the ink system becomes more viscous dominated. Therefore it would be 
expected that an ink utilising 5 wt% binder would level more than that of an ink 
formulated with 2 wt% binder. 
 
A 3IT (3 interval thixotropy) test was conducted in rotation to investigate how the 
structure of the ink degrades and regenerates under a shear load. Thixotropy within the 
ink would reveal the recovery behaviour and influence the throughput of parts during 
processing. Furthermore, it has been suggested that it may influence levelling of the 
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liquid
130
. A constant viscosity in the first low-shear interval and the high-shear rate 
interval (55-65 seconds) leads to better accuracy in the analysis of the test as these 
intervals are used as reference points. The inks shown in Figure 4-19 did not show the 
ideal constant viscosity at high shear rates (200 s
-1
). This indicated that the structures 
within the ink were still breaking and print weight may vary during the print run.  
 
Figure 4-19: A 3ITT showing the effect of binder 
The effect of binder content on the thixotropic behaviour was clear. In the high shear 
rate interval, increasing amounts of binder increased the viscosity. This could be 
attributed to the volume of polymer, the amount of interactions and the reduction of 
water in the ink compositions.  
 
The interactions between dispersant and binder were critical to the reformation of the 
structure. None of the displayed properties would suggest that consistency could be 
achieved during printing. 
Table 4-1: Thixotropy results for the effect of binder 
 2 wt% 3 wt% 4 wt% 5 wt% 
 
η / 
Pa s 
Reg. 
/ % 
η /  
Pa s 
Reg. 
/ % 
η /  
Pa s 
Reg. 
/ % 
η /  
Pa s 
Reg. 
/ % 
End of 1st interval 42.7 100 114 100 116 100 56.6 100 
End of 2nd interval 1.11 2.6 3.85 2.6 7.19 6.2 10 17.7 
Regeneration in third 
interval after t = 5s 
26.1 61.1 83.6 73.3 67.5 58.2 31.3 55.3 
After = 45 s 29.6 69.3 97.6 85.6 85.9 74.1 43.5 76.9 
 
Table 4-1 indicated that in order to achieve a high level of recovery, long time periods 
were required and within that time drying would inevitably take place, changing the 
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rheological properties. When increasing the polymer content, the quickest recovery 
was achieved with 3 wt% binder. This was attributed to the ease with which the 
interactions could be reformed, given that the binder was not in excess. With 
increased quantities of binder, i.e. 4-5 wt%, recovery was slow and this was attributed 
to the saturated dispersant interaction. The thixotropic behaviour of an ink can be 
engineered if the interaction and structure of the components are known. The polarity 
of the solvent and the other components will also influence the thixotropic behaviour 
of a system. 
 
The degree of interactions between dispersant and binder would be dictated by the 
surface area available for dispersant adsorption and therefore particle size and 
morphology would be important
111
. At 5 wt% binder content a reduction in the storage 
modulus, Figure 4-13, and loss modulus, Figure 4-14, coupled with a crossing point 
during the frequency sweep, Figure 4-17, all indicated that the polymer was in excess. 
The excess polymer acted as a plasticiser/lubricant, and so was able to increase the 
flow properties, Figure 4-16. This interaction depends on the number, size and 
frequency of the hydrophobic groups, which can be designed through careful selection 
of the dispersant and/or binder
102
. Consequently, it is possible to influence the 
interactions of the binder with other components
7
. Factors influencing the interactions 
between components in the ink will be discussed later in the light of further results. 
 
4.3.2 Prints 
The self-levelling properties exhibited by a Maxwellain fluid has been shown by the 5 
wt% ink in Figure 4-20. With lower amounts of binder, printing defects such as mesh 
marks increased. A small number of pinhole defects were still present when the 5 wt% 
ink was printed.  
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Figure 4-20: Optical micrographs of green state prints influenced by the binder content 
There are a variety of methods to create a level print; lower solids content, lower 
viscosity, the use of different binders or surfactants to name some, but it will come 
down to the formulation and rheological techniques can be used to aid the analysis of 
the formulation. 
 
It is apparent that rheological methods can be used to formulate and predict the 
outcome of an ink. In the presented work it has been shown it is possible to detect 
when the binder is in excess and why it would influence the dashpot element of the 
Maxwell model. This in turn resulted in a level print for an aqueous zirconia ink. 
 
Excessive amounts of binder can lead to lower green densities, whereas low amounts 
of binder can lead to incorrect rheological properties, low mechanical strength in the 
green state and cracking. Mesh marking and defects can lead to variations in green 
density and hence in the sintered component. The performance of the ink needs to 
result in defect-free, level prints to achieve uniform, homogeneous green bodies. 
Without this it is not possible to achieve sintered components of adequate quality.  
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Figure 4-21: Cross-section of a green electrolyte layer (5 wt% Rheolate 216, Darvan C, 100-0 
solvent) 
Figure 4-21 is a cross-section of ceramic substrate layered with a porous zirconia layer 
and then an electrolyte layer. The substrate can be seen to be coarse and granular in its 
microstructure. The porous anode barrier in the middle of the figure is also porous. 
The layer shows a finer microstructure with smaller grains. Only the electrolyte layer 
shown in the figure has not been sintered. Even in the green state a significant amount 
of porosity can be observed. The porosity may reduce upon sintering but the layer will 
not be gas-tight. The thickness of the electrolyte is ~32 μm. 
 
Figure 4-22 shows the same electrolyte ink in the sintered state. From the image it can 
be seen that the electrolyte is porous. The amount of additives used (dispersant and 
binder) may be a reason for the extent of the porosity. The thickness after sintering is 
~17 μm, which is a reduction of about 50% in comparison to the green state. This 
shrinkage did not result in cracking of the layer, either on the surface or through the 
layer, but it is quite clearly not dense.  
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Figure 4-22: Cross-section of a sintered electrolyte layer (5 wt% Rheolate 216, Darvan C, 100-0 
solvent) 
4.4 Effect of Dispersant Structure 
The dispersion of sub-micron zirconia has been shown to be possible with two 
different additives in section 4.2. The two dispersants have markedly different 
structures and the manner in which they interact with the binder were expected to be 
different. 0.8 wt% TAC or Darvan C were used to formulate the inks and the binder 
concentration was varied. 
 
The adsorption of TAC on the surface of zirconia can be explained by the ligand 
exchange theory. This theory has also been discussed in section 4.2. 
 
There are a number of mechanisms by which Darvan C can adsorb onto the surface of 
zirconia, one of which is the ligand exchange theory outlined above. Other 
mechanisms may be electrostatic interactions with  groups or hydrogen 
bonding between  and the carboxylic acid groups. Hydrophobic interactions 
have the tendency to drive the polymer onto the particle surface to reduce the free 
energy. 
 
The adsorption and stabilisation mechanisms between the dispersant differ and the 
chemical structure plays a role in achieving stability to the suspension. When a binder 
is introduced to the system, the effect of binder concentration and dispersant structure 
may impact on the rheological properties and print quality of the ink. 
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4.4.1 Rheology 
Comparatively, inks formulated using TAC as the dispersant exhibited lower 
viscosities than their Darvan C counterparts, Figure 4-23. In addition, the TAC-based 
inks did not show any indication of shear-fracture over the shear rate range.  
 
Figure 4-23: CSR flow curve comparing ink with different dispersants 
The power-law model was used to analyse the inks between 1-100 s
-1
. It is already 
known that the model struggles for accuracy in the low and high shear ranges, η0 and 
η∞ respectively, and therefore the analysis of the curves has been restricted to the mid-
shear range. The power-law model denotes the “flow coefficient” as c and the 
exponent, the power-law index, p. 
 
The power-law index is a value that will describe the extent of shear-thinning or 
shear-thickening. In the results presented, a value of 1 represents Newtonian fluids 
with values 0-1 and >1 denoting shear-thinning and shear-thickening behaviour 
respectively. 
Table 4-2: The power law index showing the effect of binder with Darvan C 
wt% binder c p R
2
 
1 14.314 0.269 0.9985 
2 98.49 0.2596 0.9726 
3 191.68 0.3943 0.8888 
4 116.56 0.59 0.9531 
5 67.635 0.6939 0.9997 
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Table 4-3: power law index showing the effect of binder with TAC 
 wt% binder c p R
2
 
2 56.562 0.5128 0.9907 
3 71.177 0.7128 0.9897 
4 41.515 0.7725 0.9977 
5 44.139 0.7052 0.9961 
 
The R
2
 coefficient represents how much of the variation is answered by the model and 
the coefficient for the data and in Table 4-2 and Table 4-3 and the value is >0.90. This 
implies that the model fits both sets of data well. For information, a value ≤0.7 would 
suggest that the model did not statistically fit the data and that further analysis and 
interpretation would be invalid. 
 
Figure 4-24: The effect of binder concentration on the power law index 
When a binder is initially added to create an ink system it would be expected that the 
viscosity of the system would increase and there would be a degree of shear-thinning 
since the binder would generate a network structure. The degree of shear-thinning 
would be linked to the internal network structure generated by the interactions within 
the system. 
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Increasing the binder concentration for Darvan C-based inks increases the power-law 
index, Figure 4-24. This implies that the structure was easier to break with increasing 
binder concentration. Comparatively, TAC-based inks show a similar trend, however 
they displayed lower levels of shear-thinning. Although at 5 wt% binder concentration 
the power-law index increased to a value similar to the Darvan C equivalent, it is 
believed that the dispersants interacted differently with the binder. There was also a 
marked difference between the consistency values. Maximums were exhibited by both 
dispersants at 3 wt%, however the effect was found to be more significant for Darvan 
C, Figure 4-24.   
 
Within the LVER in Figure 4-25, the inks with 2 and 4 wt% binder had similar 
amounts of structure as indicated by the magnitude of the storage modulus. Yield 
stress values for these inks were similar but upon leaving the LVER, the deformation 
pattern and in particular the rate of change showed significant differences and this was 
attributed to the difference in dispersant structure. At 2 wt% binder content both 
dispersants showed brittle deformation at high stresses. Significantly, Darvan C 
produced less brittle deformation in comparison to the TAC inks in all cases. This 
implies a slower structural breakdown for the Darvan C-based inks. 
 
The Rheolate 216 additive, a polyether urea polyurethane (PEUPU), has hydrophobic 
side groups that can interact with other hydrophobic elements creating a network 
structure
128
. The entanglements of Darvan C and Rheolate have been shown and 
discussed in section 4.3. The same interaction cannot be applied to TAC since the size 
of the hydrophobic area has been reduced. The association between TAC and binder is 
likely to have been quite discrete, but frequent. It is shown in Figure 4-25 that the 
storage modulus of inks formulated with TAC had not reached a plateau in magnitude; 
they were still increasing at 5 wt% binder content. This suggests that additional 
interactions between TAC and binder were possible and that further addition of 
polymer may have led to a greater rise in the elasticity of the ink. The results from 
both Figure 4-24 (consistency value) and Figure 4-25  ( G ) indicate that the 
maximum structure is approximately located ~3 wt% binder concentration. 
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Figure 4-25: Comparison of dispersants in inks using storage modulus 
The TAC-based inks shown in Figure 4-26 exhibited values equal to or greater than 
those based on Darvan C within the LVER. The loss modulus values showed a 
maximum at 4 wt% with 5 wt% values lower for both dispersants. The structure of the 
dispersants had an effect on the loss modulus at high stress values, which was an 
indication that the interactions and structure of the ink were different. 
 
Figure 4-26: Comparison of dispersants in inks using loss modulus 
The inks made with TAC lost their structure easier than Darvan C, as shown by their 
respective transition gradients in Figure 4-27. The ink made with TAC and 5 wt% 
binder exhibited a small transition stress range for the conversion from a gel system to 
a viscous system. Furthermore, a plateau was reached where no more significant 
deformation was observed. This was related to the structure in the ink and the fact that 
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the network had dissipated. The dispersant structure changed the amount of stress 
required to break the structure, which, in turn, determined how they flowed. 
 
Figure 4-27: Comparison of dispersants in inks using phase angle 
From Figure 4-27 the TAC-based inks all show similar flow-stress values, 18 ± 2 Pa 
and changing the binder concentration did not significantly change this parameter. The 
binder concentration did, however, affect the inks at low and high stresses. At the 
latter, e.g. 200 Pa, increasing the binder content increased the phase angle indicating 
that the binder concentration influences how the ink flows under stress. 
 
Figure 4-28 also reveals that the dispersants interacted differently with the binder. At 
low stresses, e.g. 5 Pa, the data for the  Darvan C-based inks indicate that the binder 
increases the viscous element. Comparatively, the TAC-based inks displayed a 
maximum phase angle of 42
o
, at 3 wt% binder concentration after which it became 
increasingly elastic dominated. At 5 wt% binder the TAC-based ink was more rigid 
than its Darvan C counterpart. 
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Figure 4-28: A graph showing the effect of dispersant structure on phase angle 
At higher stresses, e.g. 200 Pa, the TAC-based inks have higher phase angles than 
Darvan C-based inks. The latter also exhibits a minimum phase angle, of 55
o
, at 3 
wt% binder concentration. This implies that the internal structure within TAC-based 
inks was easier to break and could flow more readily at 200 Pa. For Darvan C-based 
inks, more than 3 wt% binder was required to increase the phase angle, indicating that 
the binder had a lubricant-type effect. 
 
The ink made with Darvan C and 5 wt% polymer binder, shown in Figure 4-29, 
presented a clear crossing point in the middle of the frequency range. The G and G   
curves for the 5 wt% TAC-based ink converged but a crossing point was not observed. 
Furthermore, the position of the crossing point is relevant for a particular process as a 
frequency sweep is time related. Knowing that long-term behaviour in a frequency 
sweep is exhibited at low frequencies, it was deduced that the 5 wt% Darvan C ink 
would self-level because the G   (viscous element) dominated the G  (elastic 
element) at low frequencies, implying that the sample would behave like a viscous 
liquid over a long period of time. The structure of the dispersant showed that the size 
of the dispersant has an influence on the binder interaction. Darvan C was able to 
create Maxwellian behaviour above a certain binder concentration (5wt%), whereas 
TAC-based inks did not have this attribute. 
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Figure 4-29: Comparison of dispersants in inks using frequency sweep 
From Figure 4-30 it can be seen that the ink structures were still breaking under high 
shear conditions after (55-65 seconds); inconsistencies in print behaviour 
consequently resulted from both dispersants, see section 4.4.2. However, all the inks 
showed thixotropic behaviour, a consequence of a structure forming as a result of the 
interactions within the ink. Time-dependent behaviour can influence the levelling and 
post-processing flow behaviour. 
 
Figure 4-30: 3ITT for the comparison of inks with varying dispersant 
Tables 4-4, 4-5 and 4-6 show quantitatively the thixotropic nature of the inks and 
reveal that Darvan C yielded inks that were generally more thixotropic than the TAC-
based inks, although increasing the polymer content in the TAC-based inks increased 
the thixotropic behaviour, slowing structural regeneration. Increasing the binder 
content in the Darvan C-based inks reduced the thixotropic behaviour, but even when 
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5 wt% thickener was added, the Darvan C-based inks were highly thixotropic only 
recovering to ~ 75% after 45 seconds. 
Table 4-4: 2 wt% binder inks comparing dispersant structure 
 2 wt% 
TAC  Darvan C  
η / Pa s Reg. / % η / Pa s Reg. / % 
End of 1
st
 interval 36.2 100 42.7 100 
End of 2
nd
 interval 27.1 74.9 1.11 2.6 
Regeneration in 3
rd
 
interval after t = 5 s 
35.3 97.5 26.1 61.1 
After = 45 s 34.8 96.1 30.2 70.7 
 
Table 4-5: 4 wt% binder inks comparing dispersant structure 
 4 wt% 
TAC  Darvan C  
η / Pa s Reg. / % η / Pa s Reg. / % 
End of 1
st
 interval 52.5 100 116 100 
End of 2
nd
 interval 11.2 21.3 7.19 6.2 
Regeneration in 3
rd
 
interval after t = 5 s 
36.1 68.9 67.0 57.8 
After = 45 s 50.1 95.4 85.9 74.1 
 
Table 4-6: 5 wt% binder inks comparing dispersant structure 
 5 wt% 
TAC  Darvan C  
η / Pa s Reg. / % η / Pa s Reg. / % 
End of 1
st
 interval 99.2 100 56.6 100 
End of 2
nd
 interval 10.1 10.2 10.0 17.7 
Regeneration in 3
rd
 
interval after t = 5 s 
52.2 52.6 31.0 54.8 
After = 45 s 82.1 82.8 43.4 76.7 
 
Throughout this section a comparison of inks has been made where the only 
difference between them was the dispersant. The differences in deformation, Figure 
4-25, and recovery, Tables 4-4, 4-5 and 4-6 can be attributed to the chemical structure 
of the dispersant. Darvan C is a long-chain polymeric dispersant and in section 4.3 the 
proposed entanglement interaction between binder and dispersant has been outlined. 
TAC, on the other hand cannot interact in the same manner because it is a short-chain 
molecule. The interactions of TAC with the binder were far more discrete and 
frequent, leading to a rapid deformation of the internal network, Figure 4-25. The 
shorter, discrete interaction of TAC made for a quicker recovery of the structure in 
comparison to the entanglements of Darvan C, which has a longer recovery time. 
98 
 
4.4.2 Prints 
Increasing the binder concentration for TAC-based inks reduced and changed the type 
of defect present, Figure 4-31. At 2 wt% binder concentration the surface shows crater 
defects of various sizes but typically circular or curved in shape. Increasing the 
concentration to 4 wt% the craters were no longer present but were replaced by an 
array of pinholes. The orderly pattern can be attributed to the mesh during printing 
and therefore the interaction of ink and the screen. A final increase to 5 wt% binder 
concentration showed similar sized pinholes, but without the periodicity.  
 
Darvan C-based inks show a different trend, starting with mesh marking at 2 wt% and 
then semi-levelling at 4 wt% and finally a level print with sporadic pinholes. For both 
5wt% inks the pinholes can be attributed to entrapped air within the ink. 
 
The defects created by both dispersants were different but increasing the binder 
concentration reduced the quantity and size of the defects. The interaction of the 
dispersant plays a key role in obtaining a suitable rheological behaviour for printing 
inks, but increasing the concentration to high levels seemed to minimise the 
interaction between binder and the dispersant due to saturation. 
 
A good choice of dispersant is typically defined as one that disperses colloidal 
particles. Furthermore, in colloidal processing of technical ceramics a dispersant 
should also be able to create high solid loading suspensions whilst retaining low 
viscosity for further processing. Section 4.2 has shown that two dispersants, Darvan C 
and TAC, were effective for dispersing sub-micron YSZ particles. The structures of 
the dispersants vary in size and chemistry, but comparatively their influence on the 
suspension rheology was similar. Nevertheless, the dispersant structure had an impact 
on the rheological properties of the ink (as distinct from the suspension) and 
consequently on the printing behaviour. 
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Figure 4-31: Optical micrographs of green state prints as a function of the dispersant structure 
and binder content; Darvan C-based inks on the left-hand-side and TAC-based inks on the right-
hand-side 
Adding a binder to create an ink changes the properties of the suspension creating a 
paste like liquid. The issue with PEUPU‟s (the binder) are that they have the ability to 
interact with other ingredients in the same way as the dispersant. Functioning in a 
similar fashion to a surfactant, they can form micelles with the hydrophobic groups of 
their chains or adsorb onto hydrophobic surfaces
133,134
. Monolayer coverage is 
recommended to saturate the particle surface and minimise the competitive adsorption 
with the binder. In addition, the fluidity achieved by the entanglements with Darvan C 
resulted in sagging behaviour and slow recovery of the structure, which aided 
levelling of the printed layer. 
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4.5 Effect of Ethylene Glycol 
Water has a high surface tension and vapour pressure. These properties can yield inks 
that dry during a printing run and reduce the spreading of the ink on the substrate. The 
use of a co-solvent was planned to achieve better wetting and slower dying of the inks. 
Ethylene glycol is miscible with water and has a lower surface tension. All of the inks 
in this section were formulated with 5 wt% binder using Darvan C as the dispersant 
with their full compositions given in Table 3-7. This section presents results that 
underline the influence of a co-solvent on the ink.  
 
4.5.1 Rheology 
As outlined in the experimental section, the solvent content was varied with water-
ethylene glycol ratios of 100-0, 80-20, 60-40 and 40-60 and in Figure 4-32 these inks 
were shown to exhibit shear-thinning behaviour. With increasing ethylene glycol 
content, the viscosity was reduced at high shear rates whilst at low shear rates the inks 
displayed similar viscosities. This behaviour was attributed to dispersant-binder and 
binder-solvent interactions. 
 
Figure 4-32: CSR flow curve for the effect of ethylene glycol on Darvan C-based inks 
The dispersant and binder content remained constant in this series of inks and 
therefore the interactions of binder with ethylene glycol came at the expense of the 
dispersant interactions, resulting in a lower viscosity. Shear fracture was not observed; 
this was believed to be an effect of the ethylene glycol acting as a lubricant. 
 
Figure 4-33 shows the static yield stress and increasing the ethylene glycol content 
can be seen to have reduced it, i.e. ink flow would be possible at lower stresses. The 
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interactions in the aqueous ink, code „100-0‟, have been discussed in section 4.3, with 
the binder associating with the dispersant through their respective hydrophobic sites. 
The introduction of ethylene glycol reduced this association, with increasing amounts 
inhibiting the interaction further; due to its size and chemical structure, ethylene 
glycol can function as a pseudo-surfactant and hence interact with the binder and 
dispersant, thus reducing the interaction between these two components. 
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Figure 4-33: CSS flow curve for the effect of ethylene glycol on Darvan C-based inks 
The dynamic yield stress can be observed from where the ink leaves the LVER. The 
values of G in Figure 4-34 confirmed that the yield stress was lowered by ethylene 
glycol. The elasticity of the ink initially increased with the introduction of ethylene 
glycol but further additions reduced the storage modulus making the binder less 
effective as a rheological modifier. The polymer was thickening the bulk phase acting 
as a volume filling component and so was less efficient. From Figure 4-34, a change 
in the deformation pattern in the non-linear region could be observed; becoming more 
brittle with the incorporation of a co-solvent. Further, it was easier to break the 
structures given the yield stress values and deformation patterns. 
 
102 
 
 
Figure 4-34: Storage modulus showing the effect of ethylene glycol on Darvan C-based inks 
The influence of the ethylene glycol can be seen to lower the loss modulus from 
Figure 4-35. The loss modulus is related to the number of interactions and it can be 
inferred that the latter have been reduced when ethylene glycol was present. As the 
amount of ethylene glycol increased in the solvent mix, the number of hydrogen bonds 
the mix was able to create decreased and therefore the loss modulus decreased. The 
polarity of the inks has reduced with the increase in ethylene glycol content. 
 
Figure 4-35: Loss modulus showing the effect of ethylene glycol on Darvan C-based inks 
It was not surprising to observe that ethylene glycol made the transition from a gel 
structure to a viscous liquid over a smaller stress range, as shown in Figure 4-36. For 
screen-printing inks this is a very desirable property to possess as the viscous state 
implies the ability to move. The 40-60 (water-ethylene glycol) ink produced the 
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change from a gel structure to viscous state at the lowest shear stress values. This was 
attributed to the reduced number of interactions between the binder and dispersant. 
 
Figure 4-36: Phase angle showing the effect of ethylene glycol on Darvan C-based inks 
Without ethylene glycol a crossing point was exhibited. Although the G andG   
curves with ethylene glycol converged, Figure 4-37, they did not cross and with an 
increase in the ethylene glycol content, the gap between G andG   increased.  
 
Figure 4-37: Frequency sweep showing the influence of ethylene glycol on Darvan C-based inks 
The introduction of the co-solvent was expected to create better printing inks by 
reducing the drying rate, decreasing surface tension and acting as a lubricant. Whilst 
this was true in terms of less structure, the properties of levelling were not improved. 
The point of crossing or convergence shifted to the right (angular frequency, Figure 
4-37,) with increasing ethylene glycol. The frequency sweeps with ethylene glycol 
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revealed that the fluids behaved in an elastic fashion over the whole frequency sweep, 
implying that the inks would not level as well as the pure aqueous ink. 
 
Similarly, the complex viscosity in Figure 4-38 provided evidence that levelling 
would not occur with the presence of ethylene glycol. The resistance to viscoelastic 
flow was reduced with an increase in ethylene glycol content but the inks did not 
display signs of a plateau at low angular frequency. Increasing the co-solvent content 
changed the flow pattern where elastic behaviour dominated at low frequencies.  
 
Figure 4-38: Complex viscosities showing the influence of ethylene glycol on Darvan C-based inks 
The effect of ethylene glycol had an obvious impact on the first interval in the three 
interval thixotropy test; the structures of the inks were partially broken in this interval. 
Following the results from the CSR and CSS flow curves, 100-0 and 40-60 were top 
and bottom respectively throughout the 3 intervals (Figure 4-39). Under high shear the 
inks with ethylene glycol were able to break their structures quickly and revealed an 
almost constant viscosity until the shear load was released. The 100-0 ink did not 
show a constant viscosity during the high shear interval (55-65 seconds). The 
lubricant effect of ethylene glycol is clearly shown in these curves. 
 
105 
 
 
Figure 4-39: 3ITT showing the influence of ethylene glycol on Darvan C-based inks  
Table 4-7: Thixotropy of inks with varied amounts of water and ethylene glycol 
 100-0 80-20 60-40 40-60 
 
η /  Pa 
s 
Reg. / 
% 
η /  Pa 
s 
Reg. / 
% 
η /  Pa 
s 
Reg. / 
% 
η /  Pa 
s 
Reg. / 
% 
End of 1
st
 interval 68.8 100 35.5 100 25.0 100 21.0 100 
End of 2
nd
 interval 12.4 18.0 8.15 23.0 4.48 17.9 3.16 15.0 
Regeneration in 3
rd
 
interval after t = 5 
42.3 61.4 26.1 73.5 19.6 78.4 13.2 62.9 
After = 45 s 67.8 98.5 28.5 80.2 20.3 81.2 13.8 65.7 
 
The influence of a co-solvent on the regeneration of the structure was looked at from 
two perspectives. In terms of the short-term behaviour, after 5 seconds ethylene glycol 
inks were able to regenerate their structure quicker than the pure aqueous ink (Table 
4-7). The ethylene glycol inks stopped significant recovery of their structures in less 
than 10 seconds. Utilising an aqueous base, the recovery was not a constant until it 
had reached the reference viscosity from the first interval, ~30 seconds. 
 
With respect to longer recovery times, e.g. 45 seconds, ethylene glycol inks did not 
significantly increase their viscosities and this was attributed to the interactions of 
binder with components in the system. However, the aqueous ink was able to recover 
further owing to the absence of ethylene glycol, indicating ethylene glycol interacted 
with the binder. The results in this section illustrate that the co-solvent interacted with 
the binder reducing the number of interactions with other components. 
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4.5.2 Drying 
The co-solvent approach was intended to achieve longer drying times allowing for an 
extended time period for levelling. However, other benefits could be utilised through 
the co-solvent approach, for example by lowering the surface tension of the ink 
wetting would be promoted, with levelling a possible consequence. Solvent-based inks 
can be formulated not to dry at room temperature, opening a larger processing 
window. In contrast, aqueous inks do dry at room temperature and, within the screen-
printing process, they can dry on the screen. 
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Figure 4-40: Drying of the inks with different solvent vehicle compositions 
 
The proportion of ethylene glycol and water dictated the rate of drying and the 
percentage of weight lost within the coating. Ethylene glycol dried at a much slower 
rate than water and was added for this purpose.  
 
Whilst the introduction of ethylene glycol was successful in reducing the rate of 
drying, making the ink better for industrial processing, the rheological characteristics 
were compromised, Figure 4-36. Changing the structure of the binder and/or 
dispersant to regain a network structure in the ink may be one route forward for the 
co-solvent approach. Increasing the ethylene glycol content reduced the number of 
hydrogen bonds, as well as polarity of ink, and thus reduced the degree of structure in 
the ink, Figure 4-35. 
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4.5.3 Prints 
The use of ethylene glycol had many benefits in terms of rheology and drying. Some 
of these benefits, however, resulted in prints being less than perfect (Figure 4-41). 
Lower viscosities and structures with increasing ethylene glycol content created prints 
that did not level. The properties required to create a level print have been exhibited 
by the pure aqueous ink, 100-0, although the 80-20 ink had the added benefits of a 
solvent, the print had an increase in defect concentration. Increasing the ethylene 
glycol content further increased the quantity and size of the defects and cratering can 
be seen in the 60-40 print. Further addition of ethylene glycol resulted in the lowest 
viscosity ink and foaming occurred during printing via entrapment of air.  
 
Figure 4-41: Optical micrographs of green state prints as a function of ethylene glycol content 
Changing the ethylene glycol concentration changed the rheological properties and in 
Table 4-7 it has been shown that the viscosity is increasingly lowered at high shear 
rates. This may have had an impact on the thickness of the prints, however the criteria 
was to produce an ink which produced high quality prints, i.e. no defects, uniform, 
level and no cracks. Only once this has been achieved would work progress into the 
effect of thickness. To study the effect of thickness, the solid loading, rheological 
properties and processing parameters can be changed. 
 
As described in more detail in section 2.3.1, the screen-printing process essentially 
pushes ink through the mesh by a squeegee onto a substrate below
25,27
. The process of 
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“print/print” implies that two prints are made consecutively on one substrate, the 
second allowing for the entrapment of air in the first print. This is a similar concept to 
the breaking of a wave. Without a mesh, i.e. stencil printing, a foam is less probable, 
however thicker prints would be a consequence.   
 
The “40-60” ink exhibited significant foaming from which it could not recover to 
form a level print, Figure 4-41. The defects were prominent and the cause was 
attributed to the effect of the ethylene glycol. The reduction in the interactions 
between the dispersant and binder meant that there were several components free to 
stabilise the foam. Surfactants have the ability locate themselves at the interface 
between liquid and gas and both the binder and ethylene glycol have the capacity to 
stabilise a foam lamella
116
. The surfactant will have orientated itself so that the 
hydrophobic group was located at the liquid-air interface
94
.  
 
4.6 Effect of co-solvent structure 
Solvent-based inks can have their properties tailored by the choice of the solvent. Co-
solvents have limited miscibility with water. The use of ethylene glycol (EG) has been 
shown to slow down drying of the ink, Figure 4-40, and the slight change in the co-
solvent structure by using propylene glycol (PG) was expected to yield similar drying 
curves due to their similar physical properties. The influence of the co-solvent 
chemical structure is illustrated and discussed in the following results. 
 
The diol element of both PG and EG is both polar and hydrophilic, the structural 
difference between them is the length of the hydrocarbon; PG is the larger molecule 
having an extra CH3 group. It has been shown and discussed, section 4.5, that EG 
reduced the association between the binder and dispersant.  
 
4.6.1 Rheology 
As expected the PG-based inks showed similarities to their EG-based inks, Figure 
4-42, where both solvents produced shear-thinning inks. On closer inspection it can be 
seen that PG-based inks produced comparatively lower viscosity inks than their EG-
based counterparts. The size of the molecule was a factor resulting in a rise in the 
hydrophobic nature for the PG molecule, increasing the interactions with other 
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components
94
. Therefore the chain length and structure of the solvent can influence 
the system interactions and thus the rheology. 
 
Figure 4-42: A comparison of CSR flow curves for inks containing ethylene glycol or propylene 
glycol 
 
Figure 4-43: The comparison of solvent structure and its effect on the power-law index 
To analyse Figure 4-42 further the curves were modelled by the power-law. Figure 
4-43 shows a comparison of the power-law index. The power-law index decreases for 
both EG and PG with increasing solvent concentration. This implies that the shear-
thinning nature of the inks increases with solvent concentration. Comparatively, 
Figure 4-43 shows that PG increases the shear-thinning property of the inks with 
increasing solvent concentration more so than EG. This can be attributed to the 
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structure of the solvent and the increased hydrophobic balance of PG. From Figure 
4-43 it can be established that PG is more efficient at reducing the structure of the ink 
as it generates a lower power-law index at the same concentration as EG. 
 
The storage modulus data in Figure 4-44 confirmed that PG had a higher efficiency 
than EG, which was revealed by the lower y (yield stress) values. A further increase 
in molecular weight to buytlene glycol could see an even more efficient additive for 
dissipating the network structure of the ink. Further reductions in structure and 
viscosity were not desired for this process and so butylene glycol was not examined. 
Looking at the LVER in Figure 4-44 the magnitude for most of the inks appears to be 
similar. However, the EG-based inks have higher storage modulus values than PG-
based inks with the exception of the 40-60 PG ink. The irregular deformation curve 
for the 40-60 PG ink was attributed to the quantity and structure of the co-solvent. PG 
is a branched molecule and as such it may create a complex network structure at a 
certain concentration.  
 
Figure 4-44: Storage modulus from a strain sweep presenting a comparison of the effect of 
solvent content and structure for EG and PG 
The mobility and freedom of the co-solvent made the interaction of the binder and co-
solvent preferential; this reduced the network structure, Figure 4-44. PG disrupts the 
network structure in a similar manner to EG, but PG‟s structure allowed the molecule 
to be more efficient due to its increased hydrophobic nature. The larger size of PG 
would have rendered larger parts of the binder inactive for interactions with the 
dispersant, making the PG inks weaker than their EG counterparts. This can be seen 
by looking at the magnitude of the storage modulus in the LVER, Figure 4-44.  
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In Figure 4-45 the magnitude of the loss modulus closely matches in two cases, 60-40 
EG with 80-20 PG and 40-60 EG with 60-40 PG. The length of the LVER shows 
where the structure breaks irreversibly and differs between the paired inks outlined, 
with PG showing lower amounts of structure.  
 
Figure 4-45: Loss modulus presenting a comparison of the effect of solvent content and structure 
for EG and PG 
 
Figure 4-46: Phase angle presenting a comparison of the effect of solvent content and structure 
for EG and PG 
Elements of the storage and loss modulus are exhibited by the phase angle, Figure 
4-46. The efficiency of propylene glycol can again be seen. The 60-40 PG and 40-60 
EG ink curves are very similar, especially in terms of the deformation pattern 
observed on moving from a gel structure to a viscous one. PG, with its larger chemical 
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structure and positioning of the hydroxyl group, allowed for the dissipation of the 
binder network more readily than EG. 
 
80-20 PG achieved a crossover point, Figure 4-47, but it did not represent Maxwellian 
behaviour. The importance of a crossing point is that it shows a change in flow 
behaviour, from gel to viscous or vice versa. Further addition of PG did not result in a 
crossing point. A change in the location of the crossing point as a result of 
compositional changes may lead to levelling or any other time-related properties 
displayed by the inks. The instabilities shown in the previous figures for the 40-60 PG 
ink have also been revealed through the frequency sweep. Inks formulated with EG 
did not produce a crossing point and the fact that PG was able to induce one indicates 
that structure and size of the co-solvent is an important factor, in which branching and 
molecular weight may also have an influence.  
 
Figure 4-47: Frequency Sweep presenting a comparison of the effect of solvent content and 
structure for EG and PG 
The change in structure between EG and PG altered how the inks deformed and 
recovered, Figure 4-48. The larger molecule, PG, did not show a consistency in 
viscosity in the high-shear interval, instead it exhibited a steady decrease in viscosity 
attributed to the degradation of the structure and gradual orientation of the molecules. 
On the other hand, EG produced higher levels of consistency in the high shear rate 
interval, which was attributed to the linear structure of the additive.  
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Figure 4-48: 3ITT presenting a comparison of the effect of solvent content and structure for EG 
and PG 
The structure of the co-solvent was able to change the recovery rate of the inks and 
this was attributed to how the co-solvent could interact with water and the other 
components within the ink. The inks with a solvent composition of 60-40, Table 4-9, 
showed this behaviour. The molecular weight of PG is higher than EG and the 
viscosities of the pure liquids follow suit, but when the liquids are used as co-solvents, 
PG produced inks with lower viscosities in comparison with EG. It has been shown 
that the incorporation of EG reduced the structure and the viscosity, however PG is 
more efficient at reducing the rheological properties, η and G . At low 
concentrations, e.g. the 80-20 inks, the structural breakdown of the PG-based inks 
required more time to recover than their EG-based counterparts. High concentrations 
of PG (i.e. 40-60) yielded abnormal results throughout the rheological 
characterisation, as has already been seen, and its thixotropic behaviour was no 
different; it was able to regenerate its structure quicker than other concentrations of 
PG trialled.  
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Table 4-8: Thixotropy of inks formulated with 80-20 (water - co-solvent) and comparing co-
solvent structure 
80-20 (water - co-solvent) ratio 
EG PG 
η / Pa s Reg. / % η / Pa s Reg. / % 
End of 1
st
 interval 35.5 100 25.7 100 
End of 2
nd
 interval 8.15 23 5.4 21 
Regeneration in third interval after t = 5 s 26.1 74 18 70 
After = 45 s 28.5 80 18.7 73 
 
Table 4-9: Thixotropy of inks formulated with 60-40 (water - co-solvent) and comparing co-
solvent structure 
60-40 (water - co-solvent) ratio 
EG PG 
η / Pa s Reg. / % η / Pa s Reg. / % 
End of 1
st
 interval 25 100 24 100 
End of 2
nd
 interval 4.48 18 2.96 12.3 
Regeneration in third interval after t = 5 s 19.6 78 12.1 50 
After = 45 s 20.3 81 12.8 53 
 
Table 4-10: Thixotropy of inks formulated with 40-60 (water - co-solvent) and comparing co-
solvent structure 
40-60 (water - co-solvent) ratio 
EG PG 
η / Pa s Reg. / % η / Pa s Reg. / % 
End of 1
st
 interval 21 100 75.2 100 
End of 2
nd
 interval 3.2 15 2.66 3.5 
Regeneration in third interval after t = 5 s 13.2 63 56.4 75 
After = 45 s 13.8 66 54.7 73 
 
The influence of co-solvent structure on ink structure has been discussed where it has 
changed the viscosity and viscoelastic properties of the inks, Figure 4-44 and Figure 
4-45. The viscoelastic properties can be extended to thixotropic properties of the ink. 
The size of the co-solvent influenced the thixotropic nature of the inks where the 
smaller molecule, EG, had less of an impact, Figure 4-48. Both co-solvents and their 
resultant ink structures were easily broken by the application of high shear rates. The 
increased mobility of EG will have allowed it to interact more readily, whilst in 
comparison, the larger molecular, PG, will have required more time to move and 
interact due to its size and hence it was more thixotropic, Tables 4-8, 4-9 and 4-10.  
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4.6.2 Prints 
Throughout the rheological tests 80-20-PG closely followed the behaviour of 60-40-
EG. In terms of the performance of these inks, printing under the same conditions 
yielded similar results, as expected, with both inks producing defects.  
 
The phase angle of the 60-40-PG ink and the 40-60-EG ink exhibited behaviour ideal 
for printing throughout the shear stress range, showing a short transition from gel 
behaviour to liquid behaviour. Although neither of the prints were free from defects, 
lower amounts of co-solvent produced better prints.  
 
Figure 4-49: Optical micrographs of green state prints influenced by co-solvent content of EG 
and PG 
100 μm 
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The effect of a co-solvent can be deleterious to the creation of a screen-printing ink; 
this general finding was not dependent on the co-solvent structure. Increased amounts 
of co-solvent produced foaming after drying and after the collapse of the foam, defects 
were present. The 40-60 PG ink displayed defects in the form of an array, suggesting 
that they were processing defects from the mesh. This type of result can be related to 
the thixotropy, since the ink rapidly recovered its structure. 
 
4.7 Effect of defoaming agent 
Previous sections have highlighted that whilst a co-solvent has the ability to slow 
down drying it also has a deleterious effect on printing since foaming was observed. 
The addition of a surfactant, Surfynol 104E, was selected as a defoaming and wetting 
agent. Added to the 40-60 EG ink, the impact on rheological behaviour and then 
printing behaviour was studied. Improved print quality was the objective of this 
exercise. Details of the compositions used can be seen in Table 3-8. 
 
The origins of the foam came from the stabilisation of air in the ink during processing. 
This was possible by one or more of the additives being in excess, free to act as a 
surfactant. The additives, Rheolate 216, EG and PG, have hydrophobic and 
hydrophilic groups and therefore can function in a similar manner to a surfactant. To 
reduce Gibbs free energy the pseudo-surfactants can locate themselves at interfaces 
including liquid-gas interfaces (foam stabilisation)
95
.  
 
4.7.1 Rheology 
The surfactant was added in quantities of 0.25, 0.50 and 1.0 wt% with respect to the 
solid loading. As shown in Figure 4-50, it had the effect of reducing the viscosity at 
high shear rates, though at very low shear rates the viscosity was unaffected except at 
the 1.0 wt% addition level. The latter displayed a viscosity plateau at shear rates <0.1 
s
-1
. This was attributed to the surfactant concentration starting to interact with the bulk 
medium in the ink. 
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Figure 4-50: CSR flow curve of 40-60 EG inks containing varying amounts of Surfynol 104E 
defoaming agent 
The storage modulus of the inks, Figure 4-51, showed that the surfactant concentration 
was critical to the structure of the ink. At 1 wt% surfactant the storage modulus did 
not follow the decreasing trend, instead increasing in magnitude. Below this amount 
the storage modulus, and with it the yield stress, decreased slightly from the control 
ink. This was attributed to the surfactant being in excess and interacting with other 
ingredients in the bulk medium
94
. The chemical structure of any surfactant has the 
ability to form micelles, or interact with other ingredients, but is dependent on the 
functionality and number of functional groups
116
. 
 
Figure 4-51: An amplitude strain sweep showing the storage modulus of 40-60 EG inks 
containing varying amounts of Surfynol 104E 
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In Figure 4-52 the LVER reduced in length with increasing surfactant concentration. 
Inks formulated with less than 1.0 wt% surfactant displayed similar loss modulus 
values, ~100 Pa; it was inferred that the surfactant was located at the interface and not 
in the bulk medium. At 1.0 wt% the gradient of the LVER changed and the magnitude 
of the loss modulus was reduced. The slight incline in the loss modulus was attributed 
to the surfactant forming interactions within the bulk of the ink and moving away 
from the interface
6
.  
 
Figure 4-52: An amplitude strain sweep showing the loss modulus of 40-60 EG inks containing 
varying amount of Surfynol 104E defoaming agent 
 
 
Figure 4-53: An amplitude strain sweep showing the phase of 40-60 EG inks containing varying 
amount of Surfynol 104E defoaming agent  
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At and below 0.5 wt% surfactant, the phase angle at low stresses was not affected by 
the addition of surfactant, showing results similar to the curve with no surfactant, 
Figure 4-53. However, the structure broke earlier when the surfactant was present 
(0.25 wt% and 0.50 wt%). The surfactant at the surface did not interact significantly 
with other components. However, when increasing the shear stress the effect of the 
surfactant was important. The results at 1.0 wt% implied that it was easier for the 
surfactant to move from the interface into the bulk medium, whilst at lower 
concentrations the surfactant was able to stay at the interface at larger shear stresses. 
The phase angle changed significantly for the 0.5 wt% ink above ~10 Pa. This 
suggested that the structure in the ink was the lowest of all the inks in the series 
presented. However, at 1.0 wt% with the surfactant in excess, there was the 
opportunity for interactions to decrease the phase angle at nearly all shear stress 
values.  
 
Although low stress values infer that the ink would break easily under processing 
conditions, the lack of structure and low viscosity may lead to bleeding and poor edge 
definition. Further, low viscosities may produce thin layers of the zirconia ink.  
 
In terms of the frequency sweep, Figure 4-54, again 1.0 wt% surfactant bucked the 
trend, possibly due to the excess amount of surfactant within the ink. The crossing 
point exhibited by the 0.5 wt% ink suggested that this was the optimum amount of 
surfactant although it was not representative of Maxwellian behaviour. To confirm 
which type of behaviour it was, creep tests needed to be conducted. With 1.0 wt% 
surfactant concentration a significant distance separated the two curves and it was 
expected that the ink would not print well. 
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Figure 4-54: A frequency sweep of 40-60 EG inks containing varying amount of Surfynol 104E 
defoaming agent  
 
Figure 4-55: 3IT curves of 40-60 EG inks containing varying amount of Surfynol 104E defoaming 
agent 
The structures of all the inks were partially broken at the beginning of the first 
interval, Figure 4-55. The inks with 0.5 wt% and 1.0 wt% defoaming agent showed 
lower viscosities in this period due to the lower surface tension. These inks were able 
to produce near constants in the first interval, which in turn would produce results of 
higher accuracy. As for the CSR flow curve, Figure 4-50, the effect of surfactant 
reduced viscosity. This could be seen in the first two intervals of the thixotropy test. 
At low shear rates in the CSR flow curve, the 1.0 wt% ink displayed higher viscosities 
than the other inks shown but at high shear rates the same ink had the lowest viscosity 
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of the inks shown. This behaviour of 1.0 wt% from the CSR flow curve was replicated 
in the different intervals in the thixotropy test. 
 
Table 4-11: Thixotropy data comparing the amount of surfactant 
 0 wt% 0.25 wt% 0.5 wt% 1 wt% 
 η / Pa s Reg. / 
% 
η / Pa s Reg. / 
% 
η / Pa s Reg. / 
% 
η / Pa s Reg. / 
% 
End of 1
st
 
interval 
25 100 22.7 100 20.3 100 12 100 
End of 2
nd
 
interval 
3.16 12.64 1.99 8.77 1.8 17.5 0.93 7.77 
Regeneration in 
third interval 
after t = 5s 
13.2 52.8 10.3 45.4 7.36 36.3 7.82 65.2 
After = 45 s 13.8 55.2 10.6 46.7 7.52 37.0 8.13 67.8 
 
The reduction in viscosity was attributed to the surfactant interactions (Table 4-11). 
The surfactant also inhibited the regeneration of the structure and, therefore, created 
thixotropic behaviour. The surfactant would migrate back to the surface and would 
require time to reach equilibrium. 1.0 wt% surfactant concentration yielded lower 
amounts of thixotropy, which was due to the surfactant being involved in the network 
structure as it was in excess. After 5 seconds, all of the inks recovered at a slower rate. 
This was not due to the surfactant but the overall system composition including the 
solvent, ethylene glycol and its interactions. 
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4.7.2 Prints 
 
Figure 4-56: Optical micrographs of 40-60 EG inks containing varying amount of Surfynol 104E 
defoaming agent  
The results of the printing test indicated that the surfactant improved the quality of the 
print. Without the surfactant, a layer of foam developed and created an uneven print 
(Figure 4-56). Incorporating the surfactant, the foam was reduced significantly and the 
prints became increasingly level. 0.50 wt% surfactant produced the best results, 
correlating with its effect on the structure of the ink, which was characterised through 
rheology. Further increases to 1 wt% surfactant did not improve the surface quality. 
The optical microscopy results indicated that defects from the foam were still present 
in all cases. 
 
The need for a slow drying ink for screen printing is an industrial requirement. 
However, the use of a co-solvent produced significant foaming at the high 
concentrations, such as “40-60”, due to the interactions of the co-solvent with the 
binder. Even though the rheological attributes of the polymer binder were 
compromised, it was still able to function; stopping cracking, Figure 4-49. Addition of 
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a surfactant (defoamer) significantly improved the quality of the printed surface, 
Figure 4-56, but at a critical quantity ~1 wt% it changed the rheological behaviour 
Figure 4-51. Below this amount the surfactant had minimal interactions in the bulk of 
the ink.  
 
The surfactant is known to improve wetting
94
 with its ability to locate itself at the 
liquid-air interface made the surfactant effective as a wetting agent. The efficiency of 
the surfactant can be observed through the printing results where it increased levelling 
and decreased the degree of foam generated, Figure 4-56.  
 
The surfactant, Surfynol 104, is believed to have acted as a defoaming agent via the 
most common defoaming mechanism. This means that it will have worked by 
decreasing the film elasticity, rather than increasing the surface tension of the foam or 
disturbing the double layer structure. The low dynamic surface tension of the 
surfactant implies that it will have easily migrated to newly created surfaces and hence 
interfaces
116
; it will also have spread easily on the foam lamellae. The latter will have 
involved pulling a layer of liquid from below the surface, thus thinning the lamellae to 
the point of breakage.   
 
The addition of surfactant also affected the rheological properties of the inks, though 
this was not its primary function. Although it did reduce the viscosity and create a 
crossing point in the frequency sweep, of greater importance was the reduction in 
defects and hence the improvement in the print. Increasing the viscosity by changing 
the binder structure would increase the possibility of achieving even higher quality 
prints. Whilst the use of surfactant improved the prints, unfortunately it was unable to 
yield high quality, level prints.  
 
4.8 Nano suspension preparation 
Particle size is another variable involved in ink formulation. A reduction in particle 
size can have many benefits for technical ceramics, reducing the sintering temperature 
to name one. The investigation started in a similar manner to the sub-micron work 
where suspension dispersion and stability were examined, leading to the incorporation 
of a binder. The rheological results of the nano suspensions are presented first. 
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Figure 4-57: Titration of 10 wt% zirconia nano suspensions after addition of 1M TMAH or 1M 
NaOH solutions 
A titration, from acidic conditions to a basic pH, was carried out using 1M TMAH and 
1M sodium hydroxide (NaOH), Figure 4-57. Both additives are bases using the OH 
part of the compound to alter the hydrogen ion balance. The curves for the respective 
titrations were very similar.  
 
In a polar medium such as water, most metal oxides have a surface layer of the metal 
hydroxide and liquids may physically or chemically adsorb onto the surfaces of 
dispersed oxide particles
69
. 
)(22)( surfacesurface OHMOOHMO   
This layer is amphoteric and with the addition of an acid or base the surface chemistry 
is again changed by physical adsorption or desorption. 


2MOHMOH H  (Acid added) 
OHMOMOH OH 2

 (Base added) 
The pH of the as-received nano suspension was ~3 and possessed a zeta potential of 
50-55 mV. Investigations have been carried out in the acidic medium to create a 
concentrated suspension since the suspension was already stable but this was met with 
minimal success
119
. Furthermore, at this value dissolution of yttria can occur
118
, 
therefore work was carried out in a basic medium. Changing the pH of the suspension 
involved changing the concentration of the H
+
 ions; TMAH was used to change the 
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pH, Figure 4-57. Altering the pH changed the electric double layer and so the zeta 
potential consequently changed
4
. 
 
To work in a basic medium, the as-received suspension had to be moved through its 
IEP where the zeta potential was zero (pH 9); at this point there was no electrostatic 
repulsive barrier to inhibit flocculation between particles. Flocs were formed 
encapsulating the bulk medium, creating a rise in viscosity
95
. Further addition of 
TMAH created a suspension with a negative potential, however at pH 12 the zeta 
potential was only about -35 mV. The magnitude of the potential described the 
repulsion between the particles and therefore the suspension was actually more stable 
when in the acidic region. TMAH alone would not be successful as a dispersant since 
it is essentially an agent for changing pH 
120
. 
 
The effect of tri-ammonium citrate was investigated by looking at the zeta potentials 
presented in Figure 4-58. The suspensions were prepared at pH 11.5 and then adding 
TAC subsequently titrating to pH 3 using 1M hydrogen chloride (HCl). With an 
increase in dispersant, the suspensions became more stable in the basic region due to 
the anionic nature of the additive. 
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Figure 4-58: 10 wt% nano suspensions titrated from a basic pH with increasing levels of TAC 
used as a dispersant 
Tri-ammonium citrate is a dispersant that has been investigated thoroughly by several 
authors who all propose similar mechanisms of stabilisation. The mechanism is 
believed to be short-range steric stabilisation due to the adsorption of the dispersant 
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onto the particle surfaces
99
. The adsorption of TAC has been discussed in section 4.2 
where it is outlined how the carboxyl groups adsorb onto the surface and contribute to 
the zeta potential, Figure 4-58. The most stable suspension was produced with 3 wt% 
TAC. The pKa values of TAC indicate that the dispersant was fully dissociated at pH 
6.4 and above
100
 and therefore the citrate molecule could contribute to stabilisation. 
The dissociation of TAC released NH4
+
 ions into the water of the suspension
100
. These 
reduced the pH by taking part in several reactions that yielded a stable compound and 
the release of H
+
 ions. 
  HNHNH 34  
    HOHNHOHNH 323  
 
Without the dispersant, the suspension was essentially pH-dependent, relying upon 
electrostatic repulsion to resist agglomeration, Figure 4-58. Adding the dispersant 
extended the range of pH independence and the suspension was stable over a larger 
pH range. This behaviour of TAC has been found by many authors and attributed to 
increased adsorption of the dispersant onto the particle surface
99,135
.  
 
Figure 4-59: CSR Flow curve of as-received, 23 wt%, nano suspension with different levels of 
TAC dispersant additions 
The as-received suspension containing ~23 wt% zirconia was characterised by 
rotational rheometry, as shown in Figure 4-59. This technique has been widely used 
by many authors to elucidate the behaviour and performance of dispersants
92
. The 
flow curves for all the suspensions showed shear-thinning behaviour, which was 
expected since suspensions typically exhibit this behaviour. However, reduced 
viscosities and amounts of shear-thinning would infer a lower amount of 
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agglomerates. From Figure 4-59, 3 wt% TAC displayed the lowest viscosity; 
consequently it was taken to be the most stable suspension. 
 
The values of G and G  give more of an insight into the internal structure and hence 
the degree of dispersion; better dispersions yield lower values of G and G  . The yield 
stress can be estimated from Figure 4-60 by the point where the sample starts to 
deviate away from the LVER. Comparatively 2 and 2.5 wt% TAC suspensions have 
similar yield stresses ~10 Pa. However, the magnitude of the storage modulus for the 
suspensions differ substantially, ~80 Pa for 2 wt% TAC and ~12 Pa for 2.5 wt% TAC. 
The reduction in the storage modulus when increasing the TAC concentration infers 
that there are less agglomerates present, which would give rise to higher Gvalues. 
This is true up until the 4 wt% suspension where the Gvalue is comparatively high 
again, ~50 Pa. A minimum is presented and 3 wt% TAC achieves the lowest storage 
modulus and thus the most disperse suspension. 
 
Figure 4-60: Amplitude strain sweep of as-received, 23 wt%, nano suspension with different 
levels of TAC dispersant additions 
The phase angle is an important parameter for a suspension. Figure 4-61 shows that 
none of the suspensions exhibit viscous type behaviour at or near rest conditions. This 
is indicative that the suspension is stable, i.e. the zirconia particles stay in suspension 
instead of sedimenting. If a suspension was viscous dominated then sedimentation or a 
supernatant would be expected since the solvent is what would dominate the 
measurement. 
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From Figure 4-61 the suspension with 2 wt% TAC exhibits a small phase angle, ~10
o
 
at 1 Pa and is very similar to the 4 wt% suspension. This implies that both suspensions 
were agglomerated because of the difference between G and G  , Figure 4-60. The 
internal structure for the 2 wt% suspension breaks later at ~10 Pa in comparison to the 
4 wt% suspension which breaks at 5 Pa. This shows the effect of dispersant 
concentration, where 2 wt% is too little and 4 wt% is too much. 
 
Getting closer to the optimal dispersant concentration, 2.5 wt% and 3 wt% TAC 
suspension exhibit very similar curves ~40
o 
at 1 Pa. The 3 wt% suspension deviates 
first at ~5 Pa indicating that the network structure is breaking following a similar 
pattern to the 4 wt% suspension. The 2.5 wt% suspension takes longer for the 
structure to break and follows the 2 wt% suspension at high shear stresses. This 
implies that 2.5 wt% TAC has not achieved a full stabilisation of the suspension.  
 
Thixotropic behaviour is also common in suspensions and can be related to the 
amount of dispersion/agglomeration within the suspension. When too much or too 
little dispersant has been added, the suspensions are not fully stabilised and can 
become agglomerated. Looking at the thixotropy curves of the nano suspensions, 
Figure 4-62 reveals the stability of the suspensions and performance of the dispersant. 
Almost all suspensions will have some sort of thixotropic property associated with 
them due to the viscoelastic nature of real materials. At rest, the suspensions had a 
structure and hence displayed shear-thinning behaviour in the CSR flow curve. 
 
Figure 4-61: The phase angle of as-received, 23 wt%, nano suspension with different levels of 
TAC dispersant additions  
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In Figure 4-62, the suspension with 3 wt% TAC possessed a near constant viscosity in 
each of the three intervals presented. This indicated that the suspension was stable and 
possessed minimal thixotropy. The other suspensions exhibited thixotropy showing 
that they were not as dispersed as the 3 wt% suspension.  
 
 
Figure 4-62: 3IT curves of as-received, 23 wt%, nano suspension with different levels of TAC 
dispersant additions  
Table 4-12: A table showing the effect of TAC concentration on the thixotropic property of as-
received, 23 wt%, nano suspensions 
 2 wt% 2.5 wt% 3 wt% 4 wt% 
 η 
/ Pa s 
Reg. 
/ % 
η 
/ Pa s 
Reg. 
/ % 
Η 
/ Pa s 
Reg. 
/ % 
η 
/ Pa s 
Reg. 
/ % 
End of 1st 
interval 
8.9 100 4.7 100 0.1 100 0.7 100 
End of 2nd 
interval 
0.13 1.4 0.15 3 0.05 50 0.04 5.7 
Regeneration in 
third interval 
after t = 5s 
0.22 2.4 0.21 4.4 0.08 80 0.07 10 
After = 45 s 0.35 3.9 0.24 5.1 0.09 90 0.17 24 
 
The structure-regeneration technique is a method of showing the effectiveness of a 
dispersant. In terms of screen-printing, a suspension that does not have thixotropic 
behaviour, and therefore is time independent, is desirable. Table 4-12 indicated that 
less than optimal dispersant concentrations create suspensions that require long time 
periods to recover, whereas over stabilised suspensions do not require as long. All of 
the suspensions have showed shear-thinning and an aspect of thixotropy was expected. 
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The nanosuspension with 3 wt% TAC was shown to be the optimum dispersant 
content for the nano zirconia aqueous suspension. It has displayed the minimum 
viscosity, smallest yield stress, lowest amount of structure and minimal thixotropy. 
For these reasons higher solids content suspensions were made with this concentration 
of dispersant. Small aliquots of nano suspension were taken during the concentration 
procedure and after cooling their viscosities were measured using a CSR flow curve 
and then compared at 100 s
-1
, Figure 4-63. As expected the viscosity rose as the 
amount of zirconia in the suspension increased, nevertheless it was possible to achieve 
a suspension with 80 wt% zirconia content whilst not having excessively high 
viscosity. 
 
Figure 4-63: Viscosity of 3 wt% YSZ nano suspensions as a function of solids content at a shear 
rate of 100 s
-1
 
The length of the concentration procedure was dictated by temperature, which was in 
turn dependent upon the solid loading. At low solids content, the separation distance 
between particles will have been large
53
. Employing relatively high temperatures, e.g. 
65
o
C, to accelerate the evaporation of water implied that more energy was given to the 
system. Consequently this energy was also supplied to the zirconia particles increasing 
Brownian motion
69
. Since the particles were in the nano range, they would move 
much more rapidly than larger particles at the same temperature. If enough energy was 
provided via the use of higher temperatures then the particles could overcome the 
repulsive barriers created by the pH and dispersants causing agglomeration
5
. There 
was therefore an upper limit to the temperature used and as the concentration process 
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proceeded a lower temperature was required since the separation distance between the 
particles had been reduced.  
 
Without the use of ultrasonics agglomerates would form; this could be observed by a 
rise in viscosity. Agglomerates can be broken by an increase in shear rate, resulting in 
a reduction in the amount of water immobilised by the particles, thus lowering the 
viscosity of the suspension
95
. Introducing ultrasonics to the process meant it was 
possible to break the agglomerates obtaining a more stable suspension, furthermore 
releasing the encapsulated water increased the efficiency of the concentration process. 
 
4.9 Effect of molecular weight 
Aqueous nano suspensions were prepared with low viscosity, ~200 mPa s at 75 wt%, 
through the application of ultrasonics and evaporation of water from a nano 
suspension, modified by the use of TMAH and the addition of 3 wt% TAC. Since a 
binder added to the suspension can create an ink, a study of the effect of binder 
molecular weight was conducted using the nano suspension and then comparing the 
results with the sub-micron-based suspensions described earlier. Both the nano and 
sub-micron suspensions were dispersed to the same solid concentration and using the 
same dispersant, TAC. The suspensions were stable, however due to surface area of 
the particles, different amounts of dispersant were necessary, 3 wt% TAC for the nano 
suspension and 0.8 wt% for the sub-micron suspension. For each molecular weight of 
polyethylene glycol (PEG) used, a 5 wt% dose of the solution was added to 65 wt% 
suspensions of the nano and sub-micron YSZ. The rheological characterisation of the 
suspensions/inks is presented. 
 
All of the samples presented in Figure 4-64 exhibited some shear-thinning behaviour. 
The sub-micron samples were characterised using a linear ramp instead of a 
logarithmic ramp. The difference in procedure is not expected to yield different 
results. The generic effect of the increase in molecular weight was to increase the 
viscosity of the suspensions. Since the PEG structure was linear, the effect of 
increasing MW was a simple increase in chain length. Since larger polymers require 
more volume, the likelihood of having more entanglements increased and hence 
higher viscosity values were observed.  
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Figure 4-64: The effects of PEG molecular weight and suspension particle size shown by a series 
of CSR flow curves 
From Figure 4-64 there is a clear effect of MW from the PEG additive on the 
suspension. The nano PEG 1500 sample displayed near-Newtonian behaviour across 
the shear rate range. There was a reduction in viscosity from the initial concentrated 
suspension and this was attributed to the addition of water from the solution lowering 
the solids content and thus the viscosity. It should be noted that PEG 1500 did not 
significantly affect the shear-thinning behaviour of the nano suspension. 
Comparatively when the MW increased to 4000 and 6000 the influence of MW on the 
viscosity becomes clear. The nano suspensions added with PEG 4000 and 6000 
exhibited higher viscosities in comparison to the suspension with PEG 1500. The PEG 
4000 and 6000 suspensions also exhibited shear fracture, which could be attributed to 
the number of entanglements. The molecular weight of PEG 1500, was too low to 
create any significant change to the viscosity, suggesting there were minimal 
interactions and minimal change in the viscosity of the aqueous phase.  
 
When looking at the sub-micron suspension added with the PEG solutions, the MW of 
the additive did not have the same magnitude of impact. Increasing the MW did 
sequentially increase the viscosities of the suspensions, however the viscosities were 
relatively low, <0.1 Pas at 100 s
-1
. The suspensions exhibited shear-thinning but the 
behaviour was generic between all three of the sub-micron suspensions. At high shear 
rates the sub-micron suspensions with PEG did plateau indicating that whatever 
structure was present had dissipated. The sub-microns suspensions displayed curves at 
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lower viscosities than their nano equivalents, i.e. the nano samples had higher 
viscosities. The hydrodynamic volume of the particles and PEG were attributed to the 
difference in viscosity.  
 
Adsorption of additives is more probable at higher molecular weight due to the 
hydrophobicity of the polymer
94
. With sub-micron particles, PEG 1500, 4000 and 
6000 are comparatively small and hence no significant change in rheology was 
observed, Figure 4-64. 
 
Higher molecular weight PEG combined with nano particles had significant effects on 
the rheology, the 4000 and 6000 PEG grades generated considerably larger amounts 
of structure and higher viscosities, Figure 4-64 and Figure 4-65. Although it has been 
established that nano suspensions have generally higher viscosities than sub-micron 
equivalents for a given solids content, there are many different factors to consider 
when a polymer additive is introduced. 
 
Within the LVER, the effect of molecular weight on the sub-micron suspension was 
very little, Figure 4-65, where the suspensions exhibited storage modulus values of 
~10 Pa at 0.05 Pa. Interestingly the deformation pattern outside the LVER is affected 
by the molecular weight. Increasing the molecular weight decreased the rate of 
deformation but increased the maximum shear stress value. This implies that the 
molecular weight does influence the rheological properties of a system and by 
increasing it the influence of the polymer chain also increases. The sub-micron inks 
presented in Figure 4-65 are not suitable for screen printing and a further increase in 
molecular weight would be necessary to create a screen printing ink. 
 
The effect of particle size with molecular weight can be seen from Figure 4-65. 
Molecular weight has a small effect on sub-micron suspensions, but the effect of nano 
suspensions is large and significant. For the nano system, a molecular weight of PEG 
somewhere between 1500-4000 may create a screen-printable ink. The inks presented 
in Figure 4-65 were not suitable for printing as they would produce bleeding and mesh 
marks respectively. 
 
134 
 
 
Figure 4-65: The effects of binder molecular weight and suspension particle size on the storage 
modulus 
The deformation pattern outside of the LVER displayed a step-like deformation of the 
network structure. This was attributed to the uncoiling and recoiling of the polymer 
under stress. The oscillatory nature of the test will have given the sample a small 
amount of time where relaxation could occur and hence regeneration of the structure 
could have been possible. More detailed studies are necessary to understand the 
phenomena presented in Figure 4-65. 
 
Since the ether oxygen in PEG is polar, with a small negative charge arising from its 
unshared electron pairs, it would be expected that hydrogen bonding existed between 
the polymer and positively charged surface sites
136,137
. This means that adsorption 
would be promoted at low pH values
136
. In the case of the zirconia suspensions, all 
were prepared at basic pH values, therefore adsorption will have been minimal. 
However, if higher molecular weight grades of PEG were used, the hydrophobic effect 
would promote adsorption
94
. Interactions with the TAC dispersant are believed to 
have been non-existent due to the high amounts of charge exhibited by the dispersant. 
At the nano-scale PEG 1500 had a negligible effect on rheology, only changing the 
viscosity of the aqueous phase. The molecular weight of the PEG will not have 
promoted adsorption and therefore it will have stayed in the aqueous phase. 
 
It is interesting to note that a relationship exists between particle size and MW binder; 
as the particle size decreases so should the binder molecular weight. Another route to 
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producing a nano ink would be decrease the solid loading, which would increase the 
volume for the particles and binders and consequently reduce the viscosity and 
structural properties of the ink
138
. Entanglements of particles and binders can be used 
to explain the effect of molecular weight and particle size on the suspensions.  
 
The magnitude of G  increased with molecular weight for both particle sizes. For sub-
micron suspensions, the effect of molecular weight was not as significant as it was for 
nano suspensions with PEG. This may infer that there were minimal interactions, if 
any, between the polymer and dispersant/particle surface. The alternative theory is 
that the PEG molecules were too small to have a significant influence at sub-micron 
level. 
 
Figure 4-66: The effects of binder molecular weight and suspension particle size on the loss 
modulus  
The nano suspension with PEG 1500 showed a near constant G  value over the whole 
shear stress range. With increasing molecular weight, the PEG 4000 and 6000-based 
samples exhibited similar behaviour to one another. The entanglement theory was 
attributed to the behaviour at these molecular weight grades, which induced structure 
to the samples. Nano particles had a greater effect on the properties exhibited through 
rheological characterisation.  
 
Results from the thixotropy test suggest that the test procedure required optimisation, 
Figure 4-67. The pre-shear interval (not shown) was used to ensure all samples had 
the same shear-history and within this interval the structure of the samples partially 
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broke down. Regeneration of the network structure proceeded in the following rest 
interval (not shown). Changing the shear rate in the pre-shear interval may have 
yielded better results. 
 
Figure 4-67: The effects of binder molecular weight and suspension particle size on by 3IT curves 
For the sub-micron particle, PEG 4000 and 6000-based samples the recovery 
continued in the first interval and can be observed by a rise in viscosity. The PEG 
1500-based suspension showed a short fall in viscosity within the first period, 
denoting some structural breakdown. In the high-shear rate interval the sub-micron 
samples showed constant viscosity values, for their respective PEG molecular weight 
additions, with PEG 6000 and 1500 having the highest and lowest viscosity values 
respectively. Lower viscosities indicated a structural change with shear rate and the 
constant viscosity value implied no further structural change. 
 
On the other hand, the nano-based samples produced with PEG 4000 and 6000 were 
regenerating their structures in the high shear rate interval, indicated by the increasing 
viscosity between 55-65 seconds. The nano 6000 sample showed regeneration in the 
first interval similar to the sub-micron samples. The nano 4000 sample displayed signs 
of structural decomposition in the first interval. Although this is contradictory 
behaviour between the samples, neither one was desired in the first interval. 
 
The behaviour exhibited by the nano 1500 sample was almost ideal, displaying 
constant viscosity in the first and second intervals, followed by regeneration of the 
structure. Its rheological behaviour throughout this series of experiments showed clear 
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evidence that below a critical PEG molecular weight the effect of the polymer was 
negligible and did not influence the rheological properties significantly but only 
increased the viscosity of the water phase. Entanglements were minimal hence a small 
destruction and regeneration of structure occurred. Although the thixotropic properties 
of the nano 1500 sample were good, the overall rheology of the sample was not, since 
the viscosity was too low for screen-printing. 
 
Table 4-13: Sub-micron suspensions prepared with 5 wt% PEG at different molecular weight 
 PEG 1500 PEG 4000 PEG 6000 
 η / Pa s Reg. / % η / Pa s Reg. / % η / Pa s Reg. / % 
End of 1
st
 
interval 
0.685 100 0.234 100 0.878 100 
End of 2
nd
 
interval 
0.0258 3.7 0.0323 13.8 0.0524 6.0 
Regeneration in 
third interval 
after t = 5s 
0.715 104.4 0.475 203.0 1.27 144.6 
After = 45 s 0.659 96.2 0.569 243.16 1.4 159.5 
 
Table 4-14: Nano suspensions prepared with 5 wt% PEG at different molecular weight 
 PEG 1500 PEG 4000 PEG 6000 
 η / Pa s Reg. / % η / Pa s Reg. / % η / Pa s Reg. / % 
End of 1
st
 
interval 
0.0627 100 9.03 100 12 100 
End of 2
nd
 
interval 
0.0526 83.9 0.381 4.2 0.775 6.458 
Regeneration in 
third interval 
after t = 5s 
0.0558 89.0 22.2 245.8 33.5 279.7 
After = 45 s 0.0595 94.9 6.72 74.4 14.2 118.3 
 
After 5 seconds the sub-micron samples recovered to more than 100% of their original 
value (Table 4-13). With more time the structures of the samples changed once again; 
decreasing for those based on PEG 1500 and increasing for the PEG 4000 and 6000-
based suspensions. Due to the structural breakdown in the pre-shear and the 
consistency of the first interval, the thixotropic nature of the samples cannot be 
accurately quantified. 
 
Both sub-micron and nano PEG 1500 samples exhibited similar behaviour, although at 
different viscosities. Regenerating back to ~100% after 45 seconds, the effect of PEG 
on thixotropy was negligible. Increasing the PEG molecular weight, both particle size 
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regimes saw the viscosities overshoot 100% recovery before 5 seconds. This indicated 
a high amount of elasticity and that the PEG restricted flow, correlating well with the 
flow curve and strain sweep. The almost instant recovery is believed to be due to a 
recoiling of the polymer in the bulk phase. 
 
The relationship between polymer molecular weight and pigment loading is an 
important parameter to consider when formulating an ink. This is related to the 
volume available for each component. If the polymer molecular weight is increased it 
will require more volume and hence it will have a significant effect upon the 
rheological properties
5
. Furthermore, as the solid loading increases, the particle 
separation distance reduces leaving less space for the polymer to occupy, resulting in 
increased rheological characteristics, i.e. high viscosity and storage modulus
47
. 
 
Another important variable is particle size. Finer particles will achieve stronger 
network structures in comparison to coarser equivalents
139
. In order to achieve fluidity 
with smaller particles three key parameters can be modified; reducing the solids 
content, reducing the molecular weight of the polymer binder or reducing the binder 
concentration
139
. Each of these will reduce the number of entanglements reducing the 
structure of the ink making it easier to achieve flow
140
.  
 
In contract, sub-micron 4000 and 6000-based samples both kept rebuilding their 
structures with time in the recovery interval, whilst their nano equivalents reduced the 
structure after the initial recoil. This was attributed to orientation of the polymer, with 
the classic entanglement model considered to be valid. 
 
The relationships outlined are interrelated with solid loading and particle size playing 
an important role in the rheological behaviour. The electrolyte layer desires a high 
green density so the other factors, binder concentration, binder length, particle size 
have to be balanced to achieve the goal of an uncracked uniform layer. 
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5 Conclusions 
The main aim of the research was to understand the effects of a range of variables on 
the rheological characteristics of aqueous zirconia suspensions in order to develop a 
screen printing ink for potential application in SOFCs. 
 
The investigation began by looking at aqueous sub-micron suspensions and the effect 
of using different dispersants. It was found that dispersed suspensions were possible 
with the addition of Darvan C or TAC at 0.8 wt%. TMAH was used to create basic 
suspensions, ~pH 10-11.5, and in this region dispersants were effective at increasing 
the zeta potential. The dispersant structure did not influence the rheological 
parameters in 20 wt% suspensions and either dispersant can be used to create 
suspensions of sub-micron zirconia in water. 
 
The effect of dispersant structure on the sub-micron suspensions was minimal, but 
when a binder was added the dispersant structure influenced the rheological 
behaviour. The inks dispersed with TAC produced a brittle network structure in 
comparison to Darvan C. The slow deformation of the Darvan C-based inks was 
attributed to the entanglements of the dispersant and binder. TAC did not create an 
entanglement network. The dispersant-binder interactions can affect the rheological 
behaviour and the resultant printing behaviour. 
 
It was found that 5 wt% binder, Rheolate 21, was the minimal amount of binder 
needed to achieve a flat print, i.e. no mesh marks in an aqueous system. Pinhole 
defects were still present after drying. Large amounts of organics were added to the 
suspensions in the form of TMAH, dispersant (TAC or Darvan C) and binder 
(Rheolate 216). This led to large porosity in the green and sintered states. Lower 
amounts of organics resulted in mesh marking and the formation of craters. Further 
development of aqueous inks is required to reduce the quantity of organics in the 
ceramic layer to create a viable aqueous zirconia ink. 
 
The binder is believed to have thickened the ink system by an associative mechanism. 
It was established that Darvan C and Rheolate 216 entangled forming a network and 
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that this interaction could be saturated at a concentration of 4 wt%. Above this 
concentration, 5 wt%, Maxwellian behaviour was observed via characterisation of the 
rheological behaviour and level prints were subsequently obtained. At the excess 
binder concentration the dashpot element of the model was enhanced allowing for 
increased flow after printing. Whilst the dispersant was successful in dispersing the 
particles, it also interacted with the other ingredients within the ink and therefore the 
dispersant structure is an important consideration when formulating an ink as it affects 
the rheological and processing behaviour. 
 
Aqueous inks dry in ambient conditions relatively quickly and reduce the process 
window since the rheological behaviour will change with loss of water. The physical 
properties of water limit the amount of control over the drying process at ambient 
conditions without the aid of further equipment (humidity controlled chambers). The 
best aqueous ink developed in terms of its rheological characteristics lost ~20 wt% of 
its mass in 15 minutes, a time considered to be too short. The evaporation of water 
would lead to large inconsistencies in print behaviour. Aqueous zirconia inks are not 
feasible for industrial application without environmental control during processing. 
 
The incorporation of co-solvents as humectants was known to be able to slow down 
the drying rate. Increasing the quantity of co-solvent (ethylene glycol, propylene 
glycol) was therefore investigated and found to reduce the rate of drying, but when 
used in conjunction with Rheolate 216 the structure of the ink was compromised. 
Propylene glycol was more efficient than ethylene glycol at reducing the structure 
developed within the ink, producing lower viscosity inks. This was believed to be 
related to its structure and increased hydrophobicity.  
 
In an aqueous ink the components readily interact due to the polar groups in their 
respective chemical structures and the number of hydrogen bonds possible in water. 
The addition of a co-solvent reduced the amount of hydrogen bonding, and thus the 
viscosity, and hence the network structure within the inks was also reduced. 
Therefore, not only must the interactions between all the components be considered 
when formulating an ink, but also the individual chemical structures of the ingredients 
should not be overlooked. The co-solvents were able to reduce the drying rate, but 
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they also affected the print quality with the rheological characteristics of the inks 
deteriorating with increased co-solvent content.  
 
The structure of the co-solvent also had an influence on the rheological properties of 
the ink. Propylene glycol, a branched molecule, was able to create a very structured 
ink and it has been proposed that it was due to the volume occupied by the co-solvent. 
The co-solvent structure also affected the thixotropic behaviour of the inks. The 
shorter linear ethylene glycol showed lower amounts of thixotropy whilst the larger 
branched propylene glycol took longer to recover its structure. The structure of a co-
solvent will interact with the ink system and cannot be assumed to be inactive.  
 
The network structure of the ink was not only influenced by the co-solvent. Additions 
of Surfynol 104E, a defoamer, reduced the defect concentration and aided levelling, 
improving the print quality. The structure, and hence the viscosity, of the inks were 
reduced by the interactions of the defoamer. It was found that 0.5 wt% Surfynol 104E 
was the optimal concentration for the series tested and this reduced the number of 
defects substantially. Surfynol 104E reduces the film elasticity of the foam causing 
rupture, whilst its ability to work as a wetting agent led to improved levelling. 
 
The molecular weight of the polymer binder also influences the thixotropic behaviour 
of the ink. When the binder molecular weight was increased the amount of thixotropy 
also increased. The number of entanglements increases with increased molecular 
weight. However, there is also a relationship between particle size and molecular 
weight. This will dictate the number of entanglements and the elasticity of the ink. 
Smaller polymers are not able to create a strong entanglement network as much as 
large polymers whilst smaller particles increase the amount of entanglements possible 
and generate stronger network structures. 
 
Turning to aqueous nano zirconia suspensions, these can be obtained with low 
viscosity, e.g. <0.2 Pa s, at solid loadings of >70 wt%. TAC is an effective dispersant 
at both sub-micron and nano particle size regimes, with 3 wt% TAC producing the 
most stable and dispersed nano suspension. The size of the dispersant affects the nano 
suspension characteristics, with large dispersants being less effective at high solid 
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loadings. As expected, as the solid content of the suspension increases the viscosity 
also increases.  
 
In terms of some of the techniques used to investigate the suspensions, both rotational 
and oscillatory rheological experiments were conducted to analyse the effect of 
different additives on the ink system. It was found possible to identify and distinguish 
compositional changes with this technique. Therefore, rheological characterisation of 
inks can be used as a very effective tool to study the parameters surrounding ink 
formulation. 
 
It can also be concluded that it is possible to formulate an aqueous sub-micron 
zirconia ink that levels after printing and does not crack during drying. However, 
defects in the form of pinholes still remained since the ink chemistry was not 
optimised fully. Excessively high drying rates were obtained from the aqueous making 
it difficult to process over long time periods however, this was overcome through the 
use of co-solvents at a cost of print quality. Surfactants have been shown to improve 
the printed layer, but a fully optimised ink has not been found. 
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6 Future Work 
A number of variables involved in ink formulation have been investigated during the 
current thesis, however one that was left constant was the solid loading of the 
suspension. It is known that this can vary the rheological parameters significantly, 
especially at high values. The expected consequences of increasing the solid loading, 
whilst not changing any other parameters, are that the green density of the printed 
layer would increase, slowing down the drying rate, but the ink would also have a 
higher viscosity. The latter is likely to influence the thickness of the printed layer and 
possibly the quality of the print, e.g. mesh marking may result. If it were decided to 
progress the work further, then an investigation into the effect of the solids loading on 
the ability to screen print and also on the drying characteristics in particular could be 
quite informative. This investigation could be achieved by holding the dispersant and 
binder concentration constant whilst varying the solid loading. Since the rheological 
behaviour is expected to change, characterising the inks through rotational and 
oscillatory techniques would be appropriate. 
 
It was shown in section 4.6 where the effect of a co-solvent was analysed that the 
physically larger co-solvent molecules were increasingly efficient at restricting the 
formation of a network structure. Substituting butylene glycol for ethylene 
glycol/propylene glycol in the co-solvent formulations would confirm the effect of co-
solvents in the present system when considering linear chains. Since it was also found 
that branching affects the thixotropic properties of the inks, the isomers of propylene 
glycol and butylene glycol could also be used in the current formulations to give a 
fuller understanding of branching. 
 
The results from the co-solvent studies showed that when the network structure was 
reduced, the print quality was compromised. It was explained that there was an 
interaction between the binder and co-solvent, with the hydrophobic sites of the 
respective ingredients aggregating. To mitigate this interaction, the structure of the 
binder could be modified to incorporate a lower fraction of hydrophobic sites, which 
would alter the strength of the network structure. Characterising and printing these 
inks would provide a fuller understanding of the significance of the binder structure. 
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The surfactant Surfynol 104E used in the present work showed that it was successful 
in reducing the defect concentration. Whilst the pure aqueous ink resulted in the 
presence of a small number of defects in the screen printed films, the surfactant was 
never added to investigate whether it would be possible to eliminate them. With the 
surfactant containing ethylene glycol as a carrier for the active matter, the network 
structure of the aqueous ink would be slightly reduced. This addition may improve the 
quality of the print and hence should be investigated. 
 
From the studies on binder concentration it was found that it was possible to achieve 
level prints without cracking. This shows that it is plausible to consider using aqueous 
inks for screen-printing, however the issue of drying still needs addressing. Whilst the 
effect of varying the solids content has already been mentioned, and the use of 
humectants in the formulation to extend the drying times was investigated in the 
present work, an alternative to changing the ink composition might be to employ low 
temperatures and/or humid conditions via the use of locally controlled environments. 
Screen printers can be equipped to provide this control and further work could be 
performed to assess feasibility of this approach. 
 
The work on investigating the effect of reducing the zirconia particle size to the nano 
scale found that the chain length of the binder significantly influences the rheological 
behaviour of the fluid, as expected. To achieve a true „nano zirconia ink‟, a suitable 
small binder molecule would have to be used so that it does not significantly impede 
flow during processing. This could be achieved by changing to a non-aqueous ink 
system. This has the advantages of allowing components to be chosen such that they 
do not interact significantly with each other, rather they would only increase the 
viscosity of the bulk medium. Further, this route also has the potential benefits of 
providing the required longer drying times and low dielectric constants, which would 
reduce the amount of van der Waals interactions. This may make the stabilisation of 
zirconia in solvents easier to achieve. 
 
Nano suspensions were successfully created using tri-ammonium citrate (TAC) as the 
dispersant. It was found that TAC increased the magnitude of the zeta potential in the 
basic pH range, increasing the stability of the suspension. It is believed that the 
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carboxyl groups in the dispersant contributed to this increase in stability. To fully 
understand the mechanism of TAC with zirconia, and following the work of P. 
Hidber
97
 with TAC, the effectiveness of the dispersants TAC and di-ammonium 
citrate (DAC) should be compared. The structures of these dispersants only differ by 
one carboxyl group and a difference in stabilisation would therefore be expected. 
Analysis through adsorption isotherms and zeta potential curves would yield further 
information around dispersant technology for nano particles. 
 
Finally, within the work presented, agitation of the powder was only provided by 
mechanical mixing, micronising or through the application of ultrasonics. Other 
milling methods such as ball milling or bead milling may be advantageous to the 
production of homogeneous inks. Milling of powders has the potential of reducing the 
amount of agglomerates or even reducing the particle size. 
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